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PREFACE

National Ambient Air Quality Standards (NAAQS) are promulgated by the United States
Environmental Protection Agency (EPA) to meet requirements set forth in Sections 108 and 109
of the U.S. Clean Air Act (CAA). Sections 108 and 109 require the EPA Administrator (1) to
list widespread air pollutants that reasonably may be expected to endanger public health or
welfare; (2) to issue air quality criteria for them that assess the latest available scientific
information on nature and effects of ambient exposure to them; (3) to set “primary” NAAQS to
protect human health with adequate margin of safety and to set “secondary” NAAQS to protect
against welfare effects (e.g., effects on vegetation, ecosystems, visibility, climate, manmade
materials, etc); and (5) to periodically review and revise, as appropriate, the criteria and NAAQS
for a given listed pollutant or class of pollutants.

In 1971, the U.S. Environmental Protection Agency (EPA) promulgated National Ambient
Air Quality Standards (NAAQS) to protect the public health and welfare from adverse effects of
photochemical oxidants. The EPA promulgates the NAAQS on the basis of scientific
information contained in air quality criteria issued under Section 108 of the Clean Air Act.
Following the review of criteria as contained in the EPA document, Air Quality Criteria for
Ozone and Other Photochemical Oxidants published in 1978, the chemical designation of the
standards was changed from photochemical oxidants to ozone (O;) in 1979 and a 1-hour O,
NAAQS was set. The 1978 document focused mainly on the air quality criteria for O, and, to a
lesser extent, on those for other photochemical oxidants (e.g., hydrogen peroxide and the
peroxyacyl nitrates), as have subsequent revised versions of the document.

To meet Clean Air Act requirements noted above for periodic review of criteria and
NAAQS, the O, criteria document, Air Quality Criteria for Ozone and Other Photochemical

Oxidants, was next revised and released in August 1986; and a supplement, Summary of Selected
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New Information on Effects of Ozone on Health and Vegetation, was issued in January 1992.
These documents were the basis for a March 1993 decision by EPA that revision of the existing
1-h NAAQS for O, was not appropriate at that time. That decision, however, did not take into
account newer scientific data that had become available after completion of the 1986 criteria
document. Such literature was assessed in the next periodic revision of the O, air quality criteria
document (O, AQCD) which has completed in 1996 and provided scientific bases supporting the
setting by EPA in 1997 of the current 8-h O; NAAQS.

The purpose of this revised air quality criteria document for O, and related photochemical
oxidants is to critically evaluate and assess the latest scientific information published since that
assessed in the above 1996 O, AQCD, with the main focus being on pertinent new information
useful in evaluating health and environmental effects data associated with ambient air O,
exposures. However, other scientific data are also discussed in order to provide a better
understanding of the nature, sources, distribution, measurement, and concentrations of O, and
related photochemical oxidants and their precursors in the environment. The document mainly
assesses pertinent literature published through 2004, but also includes assessment of a few
additional important studies published or accepted for publication in 2005.

A First External Review Draft of this O; AQCD (dated January 2005) was released for
public comment and was reviewed by the Clean Air Scientific Advisory Committee (CASAC)
in May, 2005 to obtain. Public comments and CASAC recommendations were then taken into
account in making revisions to the document for incorporation into a Second External Review
Draft (dated August, 2005), which underwent further public comment and CASAC review at a
December, 2005 public meeting. Public comments and CASAC advice derived from review of
that Second External Review Draft were considered in making revisions incorporated into this
final version of the document (dated February, 2006). Evaluations contained in the present
document will be drawn on to provide inputs to associated O, Staff Paper analyses prepared by
EPA’s Office of Air Quality Planning and Standards (OAQPS) to pose options for consideration
by the EPA Administrator with regard to proposal and, ultimately, promulgation of decisions on
potential retention or revision, as appropriate, of the current O; NAAQS.

Preparation of this document was coordinated by staff of EPA’s National Center for
Environmental Assessment in Research Triangle Park (NCEA-RTP). NCEA-RTP scientific
staff, together with experts from other EPA/ORD laboratories and academia, contributed to
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writing of document chapters. Earlier drafts of document materials were reviewed by non-EPA
experts in peer consultation workshops held by EPA. The document describes the nature,
sources, distribution, measurement, and concentrations of O, in outdoor (ambient) and indoor
environments. It also evaluates the latest data on human exposures to ambient O, and
consequent health effects in exposed human populations, to support decision making regarding
the primary, health-related O; NAAQS. Lastly, the document also evaluates ambient O,
environmental effects on vegetation and ecosystems, surface level solar UV radiation flux and
global climate change, and man-made materials to support decision making on secondary
0, NAAQS.

NCEA acknowledges the valuable contributions provided by authors, contributors, and

reviewers and the diligence of its staff and contractors in the preparation of this document.
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ADSS
AER
AEROCE
AHR
AHSMOG
AIRPEX
AIRQUIS
AIRS
AM

ANF
AOP2
AOT40

APEX
APHEA
AQCD
AQS
ARIC
ATS
AV

BAL
BALF
BC
BLD

ABBREVIATIONS AND ACRONYMS

alpha; probability value

ascorbic acid

acetylcholine

aged and diluted cigarette smoke

air exchange rate

Atmospheric/Ocean Chemistry Experiment
airway hyperreactivity

Adventist Health Study on Smog

Air Pollution Exposure (model)

Air Quality Information System (model)
Aerometric Information Retrieval System
alveolar macrophage

atrial natriuretic factor

antioxidant protein 2

seasonal sum of the difference between an hourly concentration at the
threshold value of 40 ppb, minus the threshold value of 40 ppb

Air Pollution Exposure (model)

Air Pollution on Health: European Approach (study)
Air Quality Criteria Document

Air Quality System

Atherosclerosis Risk in Communities (study)
American Thoracic Society
surface-to-volume ratio

beta-coefficient; slope of an equation
bronchioalveolar lavage

bronchioalveolar lavage fluid

black carbon

below limit of detection
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BS

BSA

BSA
BMZ

BP

C

C3a

CAA
CADS
CAPs
CAR
CASAC
CASTNet, CASTNET
CCl16
CCSP
Cyyn» Cdyn
CDT

CE

CFCs
CFD

CFR

CH,
C,H—H
C.H;
C,oHys
CHAD
CH,—CCl,
CH,—-CHO
CH,—CO
CHO

black smoke

body surface area

bovine serum albumin

basement membrane zone

blood pressure

concentration

complement protein fragment

Clean Air Act

Cincinnati Activity Diary Study
concentrated ambient particles
centriacinar region

Clean Air Scientific Advisory Committee
Clean Air Status and Trends Network
Clara cell secretory protein

Clara cell secretory protein

dynamic lung compliance

Central Daylight Time

continuous exercise
chlorofluorocarbons

computational fluid dynamics

Code of Federal Regulations

methane

ethane

isoprene

terpene

Consolidated Human Activities Database
methyl chloroform

acetaldehyde

acetyl

Chinese hamster ovary (cells)
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CH,00H acetic acid

CI confidence interval

CIE Commission Internationale de I’Eclaiarage (International Commission on
[Tllumination)

CINC cytokine-induced neutrophil chemoattractant

CLM chemiluminescence method

CMAQ Community Model for Air Quality

CO carbon monoxide

CO, carbon dioxide

COD coefficient of divergence

COP Conference of Parties

COPD chronic obstructive pulmonary disease

CRP C-reactive protein

CT™M chemistry transport model

A delta; change in a variable

3-D three-dimensional

DHBA 2,3-dihydroxybenzoic acid

DNA deoxyribonucleic acid

DOAS differential optical absorption spectroscopy

DPPC dipalmitoylglycero-3-phosphocholine

DTPA diethylenetriaminepentaacetic acid

DU Dobson units

€ epsilon; convergence precision

ECG electrocardiographic; electrocardiogram

EDU ethylenediurea

EEG electroencephalographic

ELF epithelial lining fluid

ENA-78 epithelial cell-derived neutrophil-activating peptide 78

ENSO El Nifio-Southern Oscillation

EPA U.S. Environmental Protection Agency

EST Eastern Standard Time
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ETS
EVR

F344
FA
FACE

FEF
FEF,s ;5

FEF

FEV,
FGF
FGFR
FN
FR
FRM
FVC
GAM
GCM
GEE
GEOS-CHEM

GHG
GLM
GLRAG
GM-CSF
G6PD
GPx

GR

environmental tobacco smoke
equivalent ventilation rate
female

Fisher 344 (rat)

filtered air

free-air carbon dioxide exposure
breathing frequency

forced expiratory flow

forced expiratory flow between 25 and 75% of vital capacity; forced
expiratory flow at 25 to 75% of vital capacity

forced expiratory flow after X% vital capacity (e.g., after 25, 50, or
75% vital capacity)

forced expiratory volume in 1 second
fibroblast growth factor

fibroblast growth factor receptor
fibronectin

Federal Register

Federal Reference Method

forced vital capacity

Generalized Additive Model

general circulation model
Generalized Estimating Equation

three-dimensional model of atmospheric composition driven by
assimilated Goddard Earth Orbiting System observations

greenhouse gas

Generalized Linear Model

Great Lakes Regional Assessment Group
granulocyte-macrophage colony stimulating factor
glucose-6-phosphate dehydrogenase

glutathione peroxidase

glutathione reductase
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GSH

GSHPx
GSTM1
GSTMI1null
H

HCFCs

H,CO, HCHO
HDMA

HF

HFCs

HLA

HNE

HNO,, HONO
HNO,

HNO,

HO,

H,0,

HO
HR
HRP
HRV
H,SO,
IARC
IC
ICAM
ICNIRP
IE

IFN

X

IL

glutathione; reduced glutathione
glutathione peroxidase

glutathione S-transferase p-1 (genotype)
glutathione S-transferase p-1 null (genotype)
hydrogen ion

hydrochlorofluorocarbons
formaldehyde

house dust mite allergen

hydrofluoride

hydrofluorocarbons

human leukocyte antigen
4-hydroxynonenal

nitrous acid

nitric acid

pernitric acid

hydroperoxyl; hydroperoxy

hydrogen peroxide

hydrogen oxides

heart rate

horseradish peroxidase

heart rate variability

sulfuric acid

International Agency for Research on Cancer
inspiratory capacity

intracellular adhesion molecule

International Commission on Non-lonizing Radiation Protection

intermittent exercise

interferon

immunoglobulin (e.g., IgA, IgE, IgG, IgM)
interleukin (e.g., IL-1, ILIL-6, IL-8)
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iNOS
L.p.
IPCC
IQR

LTa

M

M

MAP
MARAT
MCh
MCP
MED
MENTOR
MET

inducible nitric oxide synthase; NOS-2
intraperitoneal

Intergovernmental Panel on Climate Change
interquartile range

infrared

intrinsic mass transfer coefficient/parameter
mass transfer coefficient for gas phase

mass transfer coefficient for liquid phase
reaction rate constant

lactic acid dehydrogenase

LIght Detection And Ranging
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EXECUTIVE SUMMARY

E.1 INTRODUCTION

Tropospheric or “surface-level” ozone (O,) is one of six major air pollutants regulated by
National Ambient Air Quality Standards (NAAQS) under the U.S. Clean Air Act. As mandated
by the Clean Air Act, the U.S. Environmental Protection Agency (EPA) must periodically
review the scientific bases (or “criteria”) for the various NAAQS by assessing newly available
scientific information on a given criteria air pollutant. This document, Air Quality Criteria for
Ozone and Other Photochemical Oxidants, is an updated revision of the 1996 Ozone Air Quality
Criteria Document (O; AQCD) that provided scientific bases for the current O; NAAQS set in
1997.

E.1.1 Clean Air Act Legal Requirements
Clean Air Act (CAA) Sections 108 and 109 govern establishment, review, and revision of

U.S. National Ambient Air Quality Standards (NAAQS).

® Section 108 directs the U.S. Environmental Protection Agency (EPA) Administrator to list
ubiquitous (widespread) air pollutants that may reasonably be anticipated to endanger public
health or welfare and to issue air quality criteria for them. The air quality criteria are to
reflect the latest scientific information useful in indicating the kind and extent of all
exposure-related effects on public health and welfare expected from the presence of the

pollutant in the ambient air.

® Section 109 directs the EPA Administrator to set and periodically revise, as appropriate, two
types of NAAQS: (a) primary NAAQS to protect against adverse health effects of listed
criteria pollutants among sensitive population groups, with an adequate margin of safety, and
(b) secondary NAAQS to protect against welfare effects (e.g., impacts on vegetation, crops,
ecosystems, visibility, climate, man-made materials, etc.). Section 109 also requires peer
review of the NAAQS and their underlying scientific bases by the Clean Air Scientific
Advisory Committee (CASAC), a committee of independent non-EPA experts.



E.1.2 Chronology of Ozone NAAQS Revisions
In 1971, the U.S. EPA set primary and secondary standards for total photochemical

oxidants. Based on a criteria review completed in 1978, the original NAAQS set in 1971 were
revised in 1979 to focus on O, as the indicator for new primary and secondary standards that
would be attained when the expected number of days per calender year with maximum 1-h
average O, concentrations >0.12 ppm did not exceed one. The NAAQS for ambient O, were
revised in 1997 by replacing the 1-h standards with an 8-h primary standard that is met when the
3-year average of the annual fourth highest daily maximum 8-h average concentration is
<0.08 ppm. The 1997 primary NAAQS was based on scientific data from controlled human
exposure, laboratory animal, and epidemiological studies and associated analyses presented in
the 1996 O, AQCD and in the 1996 O, Staff Paper.
® This revised O; AQCD, prepared by EPA’s National Center for Environmental Assessment
(NCEA), provides scientific bases to support the periodic review of O; NAAQS. This
document assesses the latest available scientific information (published mainly through
December 2004) judged to be useful in deriving criteria as scientific bases for decisions on

possible revision of the current O; NAAQS.

® A separate EPA O, Staff Paper, prepared by EPA’s Office of Air Quality Planning and
Standards (OAQPS), will draw upon key findings/conclusions from this document, together
with other analyses, to develop and present options for consideration by the EPA

Administrator regarding review and possible revision of the O; NAAQS.

E.1.3 Document Organization and Structure

Volume I of this document consists of the present Executive Summary and eleven main
chapters of this revised O; AQCD. Those main chapters focus primarily on interpretative
evaluation of key information, whereas more detailed descriptive summarization of pertinent
studies and/or supporting analyses are provided in accompanying annexes. Volume II contains

the annexes for Chapters 4 through 7, whereas Volume III contains the annex for Chapter 9.



Topics covered in the main chapters of the present AQCD are as follows:
® This Executive Summary summarizes key findings and conclusions from Chapters 1 through
11 of this revised O; AQCD, as they pertain to background information on O,-related
atmospheric science and air quality, human exposure aspects, dosimetric considerations,

health effect issues, and environmental effect issues.

® Chapter 1 provides a general introduction, including an overview of legal requirements,
the chronology of past revisions of O;-related NAAQS, and orientation to the structure of

this document.

® (Chapters 2 and 3 provide background information on atmospheric chemistry/physics of O,
formation, air quality, and exposure aspects to help to place ensuing discussions of O, health

and welfare effects into perspective.

® Chapters 4 through 7 then assess dosimetry aspects, experimental (controlled human
exposure and laboratory animal) studies, and epidemiologic (field/panel; other observational)
studies. Chapter 8 then provides an integrative synthesis of key findings and conclusions
derived from the preceding chapters with regard to ambient O, concentrations, human

exposures, dosimetry, and health effects.

® Chapter 9 deals with effects of O, on vegetation, crops, and natural ecosystems, whereas
Chapter 10 evaluates tropospheric O, relationships to alterations in surface-level UVB flux
and climate change and Chapter 11 assesses materials damage (these all being key types of

welfare effects of relevance to decisions regarding secondary O; NAAQS review).

E.2 ATMOSPHERIC CHEMISTRY AND PHYSICS OF TROPOSPHERIC
OZONE FORMATION

Key findings/conclusions from Chapter 2 regarding the chemistry and physics of surface-

level O, formation include the following:



Ozone (O,) is a secondary pollutant formed by atmospheric reactions involving two classes
of precursor compounds, volatile organic compounds (VOCs) and nitrogen oxides (NO,).

Carbon monoxide also contributes to O, formation.

The formation of O, and associated compounds is a complex, nonlinear function of many
factors, including the intensity and spectral distribution of sunlight; atmospheric mixing and

other atmospheric processes; and the concentrations of precursors in ambient air.

The photochemical oxidation of almost all anthropogenic and biogenic VOC:s is initiated by
reaction with hydroxyl (OH) radicals. At night, when they are most abundant, NO, radicals
oxidize alkenes. In coastal and other select environments, Cl and Br radicals can also initiate

the oxidation of VOCs.

In urban areas, basically all classes of VOCs (alkanes, alkenes, aromatic hydrocarbons,
carbonyl compounds, etc.) and CO are important for ozone formation. Although knowledge
of the oxidative mechanisms of VOCs has improved in recent years, gaps in knowledge
involving key classes, such as aromatic hydrocarbons, still remain. For example, only about
half of the carbon initially present in aromatic hydrocarbons in smog chamber studies form

compounds that have been identified.

In addition to gas phase reactions, other reactions also occur on the surfaces of or within
cloud droplets and airborne particles. Most of the well-established multiphase reactions tend
to reduce the rate of O, formation in polluted environments. Direct reactions of O, and
atmospheric particles appear to be too slow to reduce O, formation significantly at typical

ambient PM levels.
Oxidants other than O, are found in the gas phase and in particles. The chemistry occurring

in particle bound-water and, hence, the mechanisms leading to the formation of reactive

oxygen species in particles are largely unknown.
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Organic hydroperoxides produced in the oxidation of monoterpenes by O, could contribute

substantially to secondary organic aerosol formation.

Our basic understanding of meteorological processes associated with summertime O,
episodes has not changed over recent years. However, the realization is growing that long-
range transport processes are important for determining O, concentrations at the surface. In
addition to synoptic scale flow fields, nocturnal low-level jets can transport pollutants
hundreds of km from their sources in either the upper boundary layer or the lower free

troposphere. Turbulence then brings O, and other pollutants to the surface.

Even in the absence of photochemical reactions in the troposphere, some O, would be found
near the earth’s surface due to its downward transport from the stratosphere. Intrusions of
stratospheric O that reach the surface are rare. Much more common are intrusions that
penetrate to the middle and upper troposphere. However, O, transported to the middle and
upper troposphere can still affect surface concentrations through various mechanisms that

mix air between the planetary boundary layer and the free troposphere above.

Associations between daily maximum O, concentration and temperature vary across the
United States and depend on location. In some areas (e.g., Baltimore, MD and surrounding
areas), there is a strong positive association. In other areas (e.g., Phoenix, AZ), there is little

association.

Chemistry transport models are used to improve understanding of atmospheric chemical and
physical processes, as well as to develop air pollution control strategies. Model evaluation
does not merely involve a straightforward comparison between model predictions and
observed concentration fields of a pollutant of interest (e.g., O;). Such comparisons may not
be meaningful because it is difficult to determine if agreement between measurements and
model predictions truly represents an accurate treatment of physical and chemical processes

in the model or the effects of compensating errors in model routines.
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® The main methods currently used for routine monitoring of ambient ozone are based on
chemiluminescence or UV absorption. Measurements at most ambient monitoring sites are
based on UV absorption. Both of these methods are subject to interference by other
atmospheric components. Studies conducted in Mexico City and in a smog chamber have
found positive interference, but studies conducted in urban plumes did not find evidence for

significant positive interference in the UV absorption technique.

E.3 ENVIRONMENTAL DISPERSAL, AMBIENT CONCENTRATIONS,
AND HUMAN EXPOSURE TO OZONE

Key findings/conclusions derived from Chapter 3 with regard to ambient O, concentrations
and human exposure are as follows:
® (zone is monitored in populated areas in the United States during “ozone seasons,” which
vary in length depending on location. All monitors should be operational from May to

September. However, in many areas, O, is monitored throughout the year.

® The median of the mean daily maximum 8-h average O, concentration from May to
September 2000 to 2004 across the U.S. was 0.049 ppm on a countywide average basis.
Ninety five per cent of countywide mean daily maximum 8-h average O, concentrations were
less than 0.057 ppm for the same period. Because most monitors are located in the East,

these values should not be taken to represent conditions across the country.

® The daily maximum 1-h O, concentrations tend to be much higher in large urban areas or in
areas downwind of large urban areas. For example, daily maximum 1-h O, concentrations in

Houston, TX approached 0.20 ppm during the same period.

® Daily maximum 8-h average O, concentrations are lower than, but are highly correlated
with, 1-h daily maximum O, concentrations. For example, in the Baltimore, MD area, the
correlation coefficient between the two quantities was 0.98 for data obtained from May to

September 1994 to 2004.



Within individual metropolitan statistical areas (MSAs), O, tends to be well correlated across
monitoring sites. However, there can be substantial spatial variations in concentrations.
Ozone in city centers tends to be lower than in regions either upwind or downwind of the

center, because of titration by NO emitted by motor vehicles.

Ozone concentrations tend to peak in early- to mid-afternoon in areas where there is strong
photochemical production and later in the day in areas where transport is more important in

determining O, abundance.

Summertime maxima in O; concentrations occur in areas in the United States where there is
substantial photochemical activity involving O, precursors emitted from human activities.

Maxima can occur anytime from June through August.

Springtime maxima are observed in relatively remote sites in the western United States and
at various other relatively unpolluted sites throughout the Northern Hemisphere. Relatively
high O, concentrations can also be found during winter in several cities throughout the

southern United States.

Long-term trends in O, concentrations reflect notable decreases over time throughout the
United States, with decreases nationwide of approximately 29% in 2nd highest 1-h O,
concentrations from 1980 to 2003 and of about 21% in 4th highest 8-h O, concentrations

during the same time period.

These trends include dramatic decreases from peak 1-h O, levels of 0.4 to 0.6 ppm seen in
the Los Angeles area at times in the late 1950's to 1970's to current peak levels of 0.17 ppm
and 0.15 ppm (1-h and 8-h avg, respectively) seen in the Los Angeles basin during
2000-2003.

Downward trends in the upper tail of the O, concentration distribution do not necessarily
reflect trends for O, values towards the center of the O, concentration distribution at national

parks. Concentrations toward the center of the distribution have remained more or less
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constant, and O values in the lower tail of the distribution show some evidence of slight

increases on a nationwide basis.

Policy relevant background (PRB) O, concentrations are used for assessing risks to human
health associated with O, produced from anthropogenic sources in the United States, Canada
and Mexico. Because of the nature of the definition of PRB concentrations, they cannot be

derived from observations directly, instead they must be derived from model estimates.

Current model estimates indicate that PRB O, concentrations in the United States surface air
are generally 0.015 ppm to 0.035 ppm. Such concentrations decline from spring to summer
and are generally <0.025 ppm under conditions conducive to high O, episodes. PRB O,
concentrations may be higher, especially at high altitude sites during the spring, due to
enhanced contributions from (a) pollution sources inside and outside North America and

(b) stratospheric O, exchange.

Only one model (GEOS-Chem) is documented in the literature for calculating PRB O,
concentrations. Estimated PRB O, values are likely 10 ppbv too high in the Southeast in

summer and are accurate within 5 ppbv in other regions and seasons.

Sufficient data for other oxidants (e.g., H,O,, PAN) and oxidation products (e.g., HNO,,
H,S0O,) in the atmosphere are not available for use in epidemiologic time series studies.
Limited data for oxidants besides O, in the gas and particle phases suggest that their

combined concentrations are probably <10 % that of O.

Relationships between O, and PM,  are complex, in part because PM is not a distinct
chemical species, but is a mix of primary and secondary species. For example, PM, s
concentrations were positively correlated with O, during summer, but negatively correlated
with O, during the winter at Ft. Meade, MD. Similar relationships were found for PM,, and

O, in data collected in a number of urban areas during the 1980s.



® Humans are exposed to O, either outdoors or in various microenvironments. Ozone in
indoor environments results mainly from infiltration from outdoors. Once indoors, O, is
removed by deposition on and reaction with surfaces and reactions with other pollutants.
Hence, O, levels indoors tend to be notably lower than outdoor O, concentrations measured
at nearby monitoring sites, although the indoor and ambient O, concentrations tend to vary

together (i.e., the higher the ambient, the higher the indoor O; levels).

® Personal exposure to O, tends to be positively associated with time spent outdoors.
Although O, concentrations obtained at stationary monitoring sites may not explain the
variance in individual personal exposures, they appear to serve reasonably well as surrogate

measures for aggregate personal exposures.

® Atmospheric reactions between O, and certain other ambient airborne contaminants, e.g.,
terpenes emitted by vegetation or wood products, contribute to generation of ultrafine
particles, with formation of such particles being observed in both urban and rural areas.
These reactions also occur in indoor environments and involve O, infiltrating from outdoors
and terpenes emitted by household products (e.g., air fresheners). Gaseous products

resulting from such reactions may also be toxic.

E.4 OZONE DOSIMETRY AND HEALTH EFFECTS

This section summarizes the main conclusions derived from the integrated synthesis of
information regarding health effects associated with ambient O, exposures. The conclusions are
based on O, dosimetry evaluations and human clinical, animal toxicologic, and epidemiologic
studies which have evaluated health effects associated with short-term, repeated, and long-term
exposures to O, alone or in combination with other ambient pollutants. The controlled human
exposure (or “clinical”) studies provide the clearest and most compelling evidence for human
health effects directly attributable to acute exposures to O, per se. The evidence from human
and animal toxicologic studies presented in Chapters 4, 5, and 6 are further useful in not only
providing insights into possible mechanisms of action underlying different types of O,-related

health effects but, also, in helping to provide biological plausibility for health effects observed in

E-9



epidemiologic studies assessed in Chapter 7. The studies have also been useful in identifying
susceptible and vulnerable populations that are at potentially greater risk for effects of O,
exposure. Overall, the new findings generally support and build further upon key health-related

conclusions drawn in the previous 1996 AQCD, as summarized below.

1. Dosimetric Considerations
Chapter 4 discusses dosimetric issues, including factors that are important to consider in

attempting animal-to-human extrapolations of experimentally-induced O, effects.

® Dosimetric studies seek to quantify dose and factors affecting the dose of O, and/or its active
metabolites at specific lung regions, target tissues, or cells. In both humans and animals, the
efficiency of O, uptake is greater in the nasal passages than the oral pathway. In the lower
respiratory tract, increasing tidal volume increases O, uptake, whereas increasing flow or
breathing frequency decreases O, uptake. However, O;-induced rapid shallow breathing
appears to protect the large conducting airways while producing a more even distribution of

injury to the terminal bronchioles.

® [n adult human females relative to males, the smaller airways and associated larger surface-
to-volume ratio enhance local O, uptake and cause somewhat reduced penetration of O, into
the distal lung. However, it is not clear from these findings if the actual anatomical location

of O, uptake differs between males and females.

® Similarly exposed individuals vary in the amount of actual dose received, but O, uptake is

not predictive of intersubject variability in measures of pulmonary function.

® The efficiency of O, uptake is chemical-reaction rate dependent and the reaction products
(hydrogen peroxide, aldehydes, and hydroxyhydroperoxides) created by ozonolysis of lipids

in epithelial lining fluid (ELF) and cell membranes appear to mediate O, toxicity.

® (Ozone uptake in humans is increased by exposure to NO, and SO, and decreased during

the O, exposure. This suggests that an inflammatory response during exposure to NO, and



SO, may elicit increased production of O;-reactive substrates in the epithelial lining fluid and

that these substrates are depleted by O, exposure but not by NO, and SO, exposures.

® Prior modeling studies have suggested the proximal alveolar and centriacinar regions as
principal target sites of acute O,-induced cell injury. New experimental work in rats

suggests that the conducting airways are also a primary site of injury.

® [n most clinical studies, humans are exposed to O, during exercise. Under these conditions,
the switch from nasal to oral breathing, coupled with increases in respiratory flow (as occurs
during exercise), causes a shift in the O, dose distribution, allowing O, to penetrate deeper

into the lung and thereby increasing the potential for bronchiolar and alveolar damage.

® Comparisons of acute exposures in rats and humans suggest that, though both species have
similar qualitative responses to O, exposure, there are interspecies mechanistic disparities
that necessitate careful comparisons of dose-response relationships. Currently available data
suggest that lowest observable effect levels in resting rats are approximately 4- to 5-fold
higher than for exercising humans for some toxicological endpoints, e.g., increases in
bronchoalveolar lavage (BAL) protein or neutrophil (PMN) levels (indicators of O,-induced

lung inflammation responses).

® Thus, a number of variables seem to affect O, uptake, notably including route of breathing,
breathing pattern, gender, copollutants, and certain pre-exposure conditions. These
differences are important in order to interrelate experimentally-demonstrated
pathophysiological effects and epidemiologically-observed associations between ambient O,

concentrations and health risks among human population groups.

2. Health Effects of Short-term Exposures to Ozone

The 1996 O, AQCD assessed a substantial body of evidence from toxicologic, human
clinical, and epidemiologic studies. That AQCD concluded that short-term ambient O, exposure
resulted in various respiratory health effects, including lung function decrements and increased

respiratory symptoms in both healthy and asthmatic individuals exposed during moderate to
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heavy exercise to O, concentrations ranging down to the lowest levels (0.12 ppm for 1 h;

0.08 ppm for 6.6 to 8 h) tested in the available controlled human exposure studies. Such
experimentally demonstrated effects were consistent with and lent plausibility to epidemiologic
observations highlighted in the 1996 AQCD of increases in daily hospital admissions and ED
visits for respiratory causes. Epidemiologic evidence also provided suggestive evidence for an
association between short-term O, exposure and mortality. However, there was essentially no
evidence available in the 1996 O, AQCD regarding potential cardiovascular effects of short-term
O, exposure. The newly-available evidence assessed in this revised O; AQCD notably enhances
our understanding of short-term O, exposure effects, as summarized below, first in relation to

respiratory morbidity endpoints and then cardiovascular effects and, lastly, mortality.

A. Respiratory Morbidity

Lung Function:

® (ontrolled exposure studies clearly demonstrate acute reversible decrements in lung function
in healthy adults exposed to >0.08 ppm O; when minute ventilation and/or duration of
exposure are increased sufficiently. On average, spirometric responses to O, exposure

appear to decline with increasing age starting at approximately 18 to 20 years of age.

® There is considerable variability in responses between similarly exposed individuals, such
that some may experience distinctly larger effects even when small group mean responses
are observed. For example, healthy adults exposed to 0.08 ppm O, for 6.6 h with moderate
exercise exhibited a group mean O;-induced decrement in FEV, of about 6%, but a
decrement of >10% was seen in 23% of these individuals. Also, exposure to 0.06 ppm O,

caused >10% lung function decline in a small percentage (7%) of the subjects.

® Summer camp field studies conducted in southern Ontario, Canada, in the northeastern U.S.,
and in southern California have also reported lung function responses in pre-adolescent

children associated with ambient O, levels.

® Repeated acute (1- to 6-h) O, exposures at 0.12 to 0.45 ppm over several days in controlled

exposure studies typically find that FEV, response to O, is enhanced on the second of several



days of exposure, but spirometric responses become attenuated on subsequent days with
these repeated exposures. However, this tolerance is lost after about a week without

exposure.

® Animal toxicologic studies also provide extensive evidence that acute O, exposures alter
breathing patterns so as to cause rapid shallow breathing (i.e., increased frequency and

decreased tidal volume), an effect which attenuates after several days of exposure.

® Results from controlled human exposure studies and animal toxicologic studies provide clear
evidence of causality for the associations observed between acute (<24 h) O, exposure and
relatively small, but statistically significant declines in lung function observed in numerous
recent epidemiologic studies. Declines in lung function are particularly noted in children,

asthmatics, and adults who work or exercise outdoors.

Respiratory Symptoms:

® Young healthy adult subjects exposed in clinical studies to O, concentrations >0.08 ppm for
6 to 8 h during moderate exercise exhibit symptoms of cough and pain on deep inspiration.
An increase in the incidence of cough has been found in clinical studies as low as 0.12 ppm
in healthy adults during 1 to 3 h with very heavy exercise and other respiratory symptoms,
such as pain on deep inspiration and shortness of breath, have been observed at 0.16 ppm to
0.18 ppm with heavy and very heavy exercise. These O;-induced respiratory symptoms
gradually decrease in adults with increasing age. With repeated O, exposures over several
days, respiratory symptoms become attenuated, but this tolerance is lost after about a week

without exposure.

® The epidemiologic evidence shows significant associations between acute exposure to
ambient O, and increases in a wide variety of respiratory symptoms (e.g., cough, wheeze,
production of phlegm, and shortness of breath) in asthmatic children. Epidemiologic studies
also indicate that acute O, exposure is likely associated with increased asthma medication

use in asthmatic children.
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On the other hand, an effect of acute O, exposure on respiratory symptoms in healthy
children is not as clearly indicated by epidemiology studies, consistent with diminished

symptom responses seen in healthy children in human clinical studies.

Airway Inflammation:

Inflammatory responses have been observed subsequent to 6.6 h O, exposures to the lowest
tested level of 0.08 ppm in healthy human adults. Some studies suggest that inflammatory
responses may be detected in some individuals following O, exposures even in the absence

of O;-induced pulmonary function decrements in those subjects.

Repeated O, exposures over several days leads to an attenuation of most inflammatory
markers. However, none of the several markers of lung injury and permeability evaluated

show attenuation, indicating continued lung tissue damage during repeated exposure.

Animal toxicologic studies provide extensive evidence that acute (1 to 3 h) O, exposures as
low as 0.1 to 0.5 ppm can cause (1) lung inflammatory responses (typified by increased
reactive oxygen species, inflammatory cytokines, influx of PMNs, and activation of alveolar
macrophages); (2) damage to epithelial airway tissues, (3) increases in permeability of both
lung endothelium and epithelium, and (4) increases in susceptibility to infectious diseases

due to modulation of lung host defenses.

Consistent with these experimental findings, there is also limited epidemiologic evidence
showing an association between acute ambient O, exposure and airway inflammation in

children acutely exposed to ambient O, concentrations (1-h max O, of approximately

0.1 ppm).
The extensive human clinical and animal toxicological evidence, together with the limited

available epidemiologic evidence, is clearly indicative of a causal role for O, in

inflammatory responses in the airways.
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Airway Responsiveness:

® Controlled human exposure studies have found that acute O, exposure causes an increase in
nonspecific airway responsiveness, as indicated by reductions in concentrations of

methacholine or histamine required to produce a given decrease in FEV, or increase in SR,

® Acute (2- or 3-h) O, exposure at 0.25 or 0.4 ppm of allergic asthmatic subjects, who
characteristically already have somewhat increased airway responsiveness at baseline, was
found to cause further increases in airway responsiveness in response to allergen challenges.
Also, repeated daily exposure to 0.125 ppm O, for 4 days exacerbated lung function
decrements in response to bronchial allergen challenges among persons with preexisting

allergic airway disease, with or without asthma.

® (Ozone-induced exacerbation of airway responsiveness persists longer and attenuates more
slowly than O,-induced pulmonary function decrements and respiratory symptom responses.
Heightened airway responsiveness (reactivity) has also been observed in several laboratory
animal species with acute exposures (1 to 3 h) to 0.5 to 1.0 ppm O;. Ozone increases airway
hyperreactivity to bronchoconstrictive agents (e.g., ovalbumin), and there is a temporal
relationship between inflammatory cell influx and O,-induced increases in airway reactivity.
Several studies of sensitized laboratory animals showing O;-induced increases in airway
hyperreactivity are consistent with O, exacerbation of airway hyperresponsiveness reported in

atopic humans with asthma.

® Airway responsiveness has not been widely examined in epidemiologic studies. However, the
evidence from human clinical and animal toxicological studies clearly indicate that acute
exposure to O, can induce airway hyperreactivity, thus likely placing atopic asthmatics at
greater risk for more prolonged bouts of breathing difficulties due to airway constriction in

response to various airborne allergens or other triggering stimuli.

Respiratory Hospital Admissions and Emergency Department Visits:

® Aggregate population time-series studies observed that ambient O, concentrations are

positively and robustly associated with respiratory-related hospitalizations and asthma ED
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visits during the warm season. These observations are strongly supported by the human
clinical, animal toxicologic, and epidemiologic evidence for lung function decrements,

increased respiratory symptoms, airway inflammation, and airway hyperreactivity.
® Taken together, the overall evidence supports a causal relationship between acute ambient O,
exposures and increased respiratory morbidity outcomes resulting in increased ED visits and

hospitalizations during the warm season.

B. Cardiovascular Morbidity

At the time of the 1996 O; AQCD, the possibility of O,-induced cardiovascular effects was
a largely unrecognized issue. Newly-available evidence has emerged since then which provides
considerable plausibility for how O, exposure could exert cardiovascular impacts.
® Direct O, effects such as O;-induced release from lung epithelial cells of platelet activating
factor (PAF) that may contribute to blood clot formation that would increase the risk of
serious cardiovascular outcomes (e..g, heart attack, stroke, mortality). Also, interactions of
O, with surfactant components in epithelial lining fluid of the lung results in production of
oxysterols and reactive oxygen species that may exhibit PAF-like activity contributing to

clotting and/or exert cytotoxic effects on lung and heart cells.

® [ndirect effects of O, may involve O;-induced secretions of vasoconstrictive substances
and/or effects on neuronal reflexes that may result in increased arterial blood pressure and/or
altered electrophysiologic control of heart rate or thythm. Some animal toxicological studies

have shown Os-induced decreases in heart rate, mean arterial pressure, and core temperature.

® Some field/panel studies that examined associations between O, and various cardiac
physiologic endpoints have yielded limited epidemiologic evidence suggestive of a potential
association between acute O, exposure and altered HRV, ventricular arrhythmias, and

incidence of MI.

® Highly suggestive evidence for O;-induced cardiovascular effects is provided by a few

population studies of cardiovascular hospital admissions which reported positive O,
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associations during the warm season between ambient O, concentrations and cardiovascular
hospitalizations. Only one controlled human exposure study that evaluated effects of O,
exposure on cardiovascular health outcomes found no significant O,-induced differences in
ECQG, heart rate, or blood pressure in healthy or hypertensive subjects, but did observe an

overall increase in myocardial work and impairment in pulmonary gas exchange.

® Overall, this generally limited body of evidence is highly suggestive that O, directly and/or
indirectly contributes to cardiovascular-related morbidity, but much remains to be done to
more fully substantiate links between ambient O, exposure and adverse cardiovascular

outcomes.

C. Mortality

Numerous recent epidemiologic studies conducted in the United States and abroad have
investigated the association between acute exposure to O, and mortality. Results from several
large U.S. multicity studies as well as several single-city studies indicate a positive association
between increases in ambient O, levels and excess risk of all-cause (nonaccidental) daily
mortality.
® Consistent with observed Os-related increases in respiratory- and cardiovascular-related

morbidity, several newer multicity studies, single-city studies, and several meta-analyses of
these studies have provided relatively strong epidemiologic evidence for associations
between short-term O, exposure and all-cause mortality, even after adjustment for the

influence of season and PM.

® Determining cause-specific mortality is more difficult due to reduced statistical power by
which to examine cause-specific associations and the lack of clarifying information on
contributing causes of death. That is, attribution to one or the other of the more specific
cardiopulmonary causes may underplay contributions of chronic cardiovascular disease to
“respiratory” deaths (e.g., a heart attack victim succumbing to acute pneumonia) or vice

versa.
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® Consistently positive associations have been reported for O,-related cardiovascular mortality
across approximately 30 studies, with two well-conducted multicity studies in the United

States and Europe yielding small, but statistically significant positive associations.

® Both animal and human studies provide evidence suggestive of plausible pathways by which
risk of respiratory or cardiovascular morbidity and mortality could be increased by ambient

O, either acting alone or in combination with copollutants in ambient air mixes.

® This overall body of evidence is highly suggestive that O, directly or indirectly contributes to
non-accidental and cardiopulmonary-related mortality, but additional research is needed to

more fully establish underlying mechanisms by which such effects occur.

3. Health Effects of Long-term Exposures to Ozone

In the 1996 O; AQCD, the available epidemiologic data provided only suggestive evidence
that respiratory health effects were associated with chronic O, exposure. Animal toxicologic
studies indicated that chronic O, exposure caused structural changes in the respiratory tract, and
simulated seasonal exposure studies in animals suggested that such exposures might have
cumulative impacts. As summarized below, recent studies are generally consistent with the

conclusions drawn in the previous 1996 AQCD.

A. Respiratory Morbidity

Lung Function:

® Recent epidemiologic studies observed that reduced lung function growth in children was
associated with seasonal exposure to O;; however, cohort studies investigating the effect of
annual or multiyear O, exposure observed little clear evidence for impacts of longer-term,

relatively low-level O, exposure on lung function development in children.

® The epidemiologic data, collectively, indicate that the current evidence is suggestive but

inconclusive for respiratory health effects from long-term O, exposure.
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Morphological Changes:

® Animal toxicologic studies continue to show chronic O;-induced structural alterations in
several regions of the respiratory tract including the centracinar region. Morphologic
evidence from some recent studies using exposure regimens that mimic seasonal exposure
patterns report increased lung injury compared to conventional chronic stable exposures.

® Infant rhesus monkeys repeatedly exposed to 0.5 ppm 8h/day O, for 11 episodes exhibited:
(1) remodeling of the distal airways; (2) abnormalities in tracheal basement membrane; (3)
eosinophil accumulation in conducting airways; and (4) decrements in airway innervation.
Long-term O, exposure of rats to 0.5 or 1.0 ppm for 20 months resulted in upper respiratory
tract mucus metaplasia and hyperplasia in the nasal epithelium (0.25 or 0.5 ppm, 8h/day,
7days/wk for 13 weeks).

® The persistent nature of these cytological changes raise the possibility of long-lasting
alterations in human airways in response to chronic O, exposure, but it is highly uncertain as
to what long-term patterns of exposure or O, concentrations in humans may be requisite to
produce analogous morphological changes. Nor is it now possible to characterize the
possible magnitude or severity of any such effects occurring in humans in response to

ambient O, exposures at levels observed in the United States.

Incidence of Lung Cancer:

® The weight of evidence from recent animal toxicological studies and a very limited number

of epidemiologic studies do not support ambient O as a pulmonary carcinogen.

B. Mortality

® Results from the few available epidemiologic studies are inconsistent regarding the
association between long-term exposure to O, and mortality. There is little evidence to
suggest a causal relationship between chronic O, exposure and increased risk for mortality in

humans.
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4. Health Effects of Ozone-Containing Pollutant Mixtures
The potential interaction of pollutant mixtures with O, is poorly understood and the animal

studies reviewed in the 1996 O; AQCD reported additive, synergistic or antagonistic effects
depending on the exposure regimen and the endpoint studied. A few new controlled human
exposure and animal toxicology studies reviewed in Chapters 4, 5, and 6 investigated health
effects associated with O;-containing pollutant mixtures of near ambient levels. As noted below,
recent studies, although generally consistent with conclusions drawn in the 1996 O; AQCD, have
added some new information, particularly with regard to interactions between O, and PM.
® Controlled human exposure studies indicate that continuous exposure of healthy human

adults to SO, or NO, increases bolus dose O, absorption, suggesting that co-exposure to

other gaseous pollutants in the ambient air may enhance O, absorption.

® Other controlled human exposure studies that evaluated response to allergens in asthmatics
(allergic and dust-mite sensitive) suggest that O, enhances response to allergen challenge.
Consistent with these findings, animal toxicology studies also reported enhanced response to

allergen on exposure to O,.

® A few other animal toxicology studies that exclusively investigated the co-exposure of PM
and O, reported increased response (lung tissue injury, inflammatory and phagocytosis) to

the mixture of PM + O, compared to either PM or O, alone.

® Recent investigations on the copollutant interactions using simulated urban photochemical
oxidant mixes suggest the need for similar studies in understanding the biological basis for

air pollutant mixture effects observed in epidemiologic studies.

5. Susceptibility or Vulnerability to Effects Associated with Exposure to Ozone

Various factors have been shown to influence individuals’ responses to environmental air
pollutants. Factors that increase susceptibility to O;-related effects include innate factors, such
as genetic predisposition or developmental effects, or disease status. Other factors can lead to
enhanced vulnerability to O5-related effects, such as heightened exposures or activity patterns.

In the 1996 O; AQCD, available evidence suggested that children, asthmatics, and outdoor
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workers were populations that may be more susceptible or vulnerable to effects of O, exposure.
In addition, controlled human exposure studies also demonstrated a large variation in sensitivity
and responsiveness to O, in studies of healthy subjects, but the specific factors that contributed
to this intersubject variability were yet to be identified. Recent studies have built upon the
evidence available in the previous review. Factors related to susceptibility or vulnerability to O,

exposure-related effects are briefly summarized below:

People with Preexisting Pulmonary Diseases:

® (Ozone-induced differential responses in lung function and AHR in people with allergic
rhinitis suggest that asthmatics have potentially greater responses than healthy people with
exposure to O;. There is a tendency for slightly increased spirometric responses in mild
asthmatics and allergic rhinitics relative to healthy young adults. Spirometric responses in
asthmatics appear to be affected by baseline lung function, i.e., responses increase with

disease severity.

® Repeated O, exposure over several days has been shown to increase responsiveness to
bronchial allergen challenge in subjects with preexisting allergic airway disease, with or
without asthma. Asthmatics also show a significantly greater neutrophil response (18 h

postexposure) than similarly-exposed healthy individuals.

® Epidemiologic studies have reported associations with a range of respiratory health outcomes
in asthmatics, from decreases in lung function to hospitalization or ED visits for asthma, thus
supporting this population group as being likely to experience increased risk for O;-induced

health effects.

® Controlled human exposure studies have not found evidence of larger spirometric changes in
people with COPD relative to healthy subjects, this may be due to the fact that most people
with COPD are older adults who would not be expected to have such changes based on their
age. However, new epidemiologic evidence indicates that people with COPD may be more
likely to experience other effects, including emergency room visits, hospital admissions, or

premature mortality.
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Age-related:

® Controlled human exposure studies have shown that lung function responses to O, varies
with age, with responsiveness generally diminishing after about 18 to 20 years of age.
Children and older adults thus have lesser respiratory symptoms with O, exposure than
young healthy adults. Potentially increased O, doses can be received by individuals

experiencing less severe respiratory symptoms.

® Evidence from newer epidemiologic studies supports the 1996 O, AQCD conclusions that
children are more likely at increased risk for O;-induced health effects. Notably,
epidemiologic studies have indicated adverse respiratory health outcomes associated with O,
exposure in children. In addition, recently published epidemiologic studies also suggest that
older adults (aged >65 years) appear to be at excess risk of O,-related mortality or

hospitalization.

Heightened vulnerability due to greater exposures:

® Epidemiologic studies have provided some evidence to indicate that outdoor workers are
more vulnerable to O,-related effects, which is likely related to their increased exposure to

ambient air pollution.

® (Controlled human exposure studies clearly established differential biological response to O,
based on physical activity (exertion). Epidemiologic studies also suggest that exercising
(moderate to high physical exertion) children and adolescents appear to demonstrate
increased responsiveness to ambient concentrations of O, and may be more likely to
experience O,-induced health effects. Animal studies show a similar impact of exercise on

responsiveness to O;.

Genetic susceptibility:

® Animal toxicologic studies provide supportive evidence to the observations of innate
susceptibility. Various strains of mice and rats have demonstrated the importance, in

general, of genetic background in O, susceptibility. Moreover, genetic and molecular
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characterization studies in laboratory animals identified genetic loci responsible for both

sensitivity and resistance.

New human clinical and epidemiologic studies also have shown that genetic polymorphisms
for antioxidant enzymes and inflammatory genes (GSTM1, NQO1, and Tnf-o) may modulate

the effect of O, exposure on pulmonary function and airway inflammation.

E.S VEGETATION AND ECOLOGICAL EFFECTS

Data published since 1996, as assessed in Chapter 9 and associated annex materials,

continues to support and strengthen the conclusions of previous O; AQCDs. The main

findings/conclusions derived from the current Chapter 9 assessment of O, ecological effects are

as follows.

General

The ecological effects of O, appear to be widespread across the United States based on recent
biomonitoring studies using clover and other species grown in plots across the United States,

as well as regional forest health visible injury surveys.

Some plant community compositions may be shifting based on recent studies of competition
among plants in managed pasture lands, as well in natural unmanaged lands where increased

O, effects on sensitive species in the community can reduce their presence in the community.

Research to date has focused at the species level, with very few studies at the ecosystem
level. The lack of data at this organizational level hampers the assessment of O risk to

ecosystem services, such as water quality and quantity, that contribute to human well-being.

Methodologies

New methodologies coming into use since 1996 have not fundamentally altered our
understanding of O, effects on plants or the conclusions of the 1996 O; AQCD. Since 1996,
there has been a shift from chamber-based studies to the field-based approach, including plot
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and regional visible injury surveys and the use of the non-chambered free air CO, exposure
(FACE) systems. The FACE system results support earlier observations of foliar injury and
reduced volume growth in aspen and indicate reduced yield in soybean cultivars similar to

earlier studies in open-top chamber systems (OTC).

® The use of biomonitoring since 1996 has advanced identification and symptom verification
of sensitive species and has been a useful tool for indicating the extent of O, effects across

most of the eastern and southeastern United States and many parts of the West.

® The development and improvement of stomatal models for predicting O, uptake in Europe
have fostered more universal measures of exposure response. These simulation tools may
provide a better means to relate ambient exposure to plant response in the future but

currently are insufficient for use across broad geographical areas of the United States.

® Since 1996, the use of passive samplers for monitoring O, in rural and remote areas has
expanded, offering a potential for improved exposure data in areas not actively monitored.
The testing and development of these samplers will ultimately provide a strategy to expand
air quality monitoring into areas for which exposure characterization is currently done by

geospatial extrapolation techniques such as Kriging.

Mode of Action

® There are several steps in the process of O, uptake and toxicity that are better understood
now than in 1996, based on new information gained in part by use of improved molecular
tools for following rapid changes that occur within the leaf. These advancements are
important for refining hypotheses on O, uptake and improving understanding of exposure-

response relationships.
® Ozone entrance into the leaf through the stomata remains the critical step in O, sensitivity.

Although the initial reactions within the leaf are still unclear, the involvement of H,0, is

clearly indicated. The initial sites of membrane reactions seem to involve transport
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properties. The primary set of metabolic reactions that O, triggers currently includes those

typical of “wounding” responses generated by leaf cutting or by insect attack.

® The alteration of normal metabolism due to wounding spreads outside the cytoplasm. One of
the secondary reactions is linked to a senescence response. The loss of photosynthetic
capacity is linked to lower productivity (although not fully elucidated) and to problems with

efficient translocation of carbon.
® Chronic O, effects are linked to the senescence process or some physiological process
closely linked to senescence, e.g., translocation, re-absorption, allocation of nutrients and

carbon.

Modification of Growth Response

® Many biotic and abiotic factors, including insects, pathogens, root microbes and fungi,
temperature, water and nutrient availability, and other air pollutants, as well as elevated CO,,
influence or alter the plant’s response to O;. A few studies published since 1996 have
improved our understanding of the role of these interactions in modifying O;-induced plant

responses.

® Biotic Interactions: Recent studies have supported earlier conclusions that O, often increases

the likelihood and success of insect attacks, at least by chewing insects. Less is known
regarding sucking insects (e.g., aphids). It seems that some insect problems could be
exacerbated by increased O, exposure, but predicting any particular O;-insect interaction is

not possible at this time.

® Biotic Interactions: More information is available regarding disease interactions.

Ozone exposure generally increases plant diseases associated with facultative necrotrophic
plant pathogens. Pathogens that benefit from damage to cells are enhanced by O; stress to

their hosts, whereas pathogens that require healthy hosts are depressed by O; stress.
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® Biotic Interactions: A few new studies have demonstrated O, impacts on intraspecific plant

competition. In grass-legume pastures, the legume component is more O,-sensitive and is
reduced over time. Similarly, grass competition on pine seedlings can enhance O, effects on

the seedlings, possibly through the grass’s ability to outcompete the seedlings for water.

® Abiotic Interactions: New information on the role of abiotic or physical factors interacting

with O stress support 1996 O; AQCD conclusions. Some studies have shown an increasing
effect of O, with increasing temperature, but others have shown little effect of temperature.
Temperature is an important variable affecting plant O, response in the presence of elevated
CO, levels associated with climate change. It also appears that low temperatures are

important, in that O, exposure sensitizes plants to low temperature stress.

® Abiotic Interactions: New information on the role of drought and water availability

published since 1996 confirms earlier conclusions regarding the increased effects of O,
where readily available soil moisture results in increased needle/leaf conductivity and thus
increased O, uptake. Additional studies demonstrated again the partial “protection” against
adverse effects of O, by drought. There was also evidence that O, predisposes plants to
drought stress. The net results of these interactions are negative, at least in the short term,

although longer lived species like trees could benefit from increased water use efficiency.

Effects-Based Exposure Indices

® Exposure indices are metrics relating plant response (i.e., growth or yield) to monitored
ambient O, concentrations over time to provide a consistent metric for reviewing and
comparing exposure-response effects obtained from various studies. Such metrics may also
provide a basis for developing air quality standards that are protective of ecological
resources. The 1996 O; AQCD focused on research where a large number of indices were
developed that included various functional and statistical summaries of ambient hourly
concentrations over designated time periods. The development of those indices focused on
considering and including some, but not all, the factors that affect O, uptake and expression

of effects.
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® Conclusions from the 1996 O; AQCD regarding an ambient-exposure based index are still

valid. No information since 1996 significantly alters the basic conclusions, and most studies

in this interim have further supported them. The key conclusions are as follows:

- Ozone effects in plants are cumulative;

- Higher O, concentrations appear to be more important than low concentrations in
eliciting a response;

- Plant sensitivity to O, varies with time of day and plant development stage; and

- Exposure indices that accumulate the O, hourly concentrations and preferentially weight
the higher concentrations have a better statistical fit to growth/yield response than do

mean or peak indices.

® Based on the current state of knowledge, exposure indices that differentially weight the
higher hourly average O, concentrations but include the mid-level values represent the best
approach for relating vegetation effects to O, exposure in the United States. A large database
for crops and tree seedlings exists and has been used for establishing exposure-response
relationships and predicting effects for a range of exposure concentrations. In 1996, EPA
considered three specific concentration-weighted indices for use as air quality indicators: the
cutoff concentration-weighted SUMO06, the AOT60, and the sigmoid-weighted W126. All
three performed equally well based on goodness-of-fit tests. Since 1996, there have been no
published experimental studies that would alter the consideration of these concentration-

weighted cumulative indices.

® Studies available since 1996 strengthen earlier conclusions on the role of exposure
components such as duration, concentration, and temporal patterns in determining plant
growth response to O, exposure. New studies since 1996 have shown experimentally the
disconnection of peak events and maximal stomatal conductance at a variety of sites. The
identification of sensitivity linked to time of day (i.e., period of maximum conductance) was
reported in the 1996 O; AQCD. The new studies will offer future avenues for building this
temporal component into an exposure index. Similarly, recent reviews of the plant literature
have reported a large number of species with nighttime conductance capable of O, uptake.

The designated time interval for cumulating exposure (i.e., 12 to 24 h) needs reconsideration.
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® Recent research in Europe has focused on a flux-based approach to improve upon the
ambient air concentration-based (i.e., exposure indices) approach to assess risk from O,
across different climate regions. However, such approaches need further development to
incorporate the necessary complexity across space and time to be non-site and non-species
specific. Also, at this time, the database is inadequate for linking O, flux to growth

responses.

Ozone Exposure-Plant Response Relationships

® Data published since 1996 continues to support and strengthen the conclusions of previous
0O, AQCDs that there is strong evidence that current ambient O, concentrations cause
(1) decreased growth and biomass accumulation in annual, perennial and woody plants,
including agronomic crops, annuals, shrubs, grasses, and trees; (2) decreased yield and/or
nutritive quality in a large number of agronomic and forage crops; and (3) impaired aesthetic

quality of many native plants and trees by increased foliar injury.

® Since 1996, the published studies have supported earlier conclusions on reduced growth and
yield in a number of crops and trees, and have used multiple approaches, including regional
visible injury surveys, measured growth responses across ambient exposure gradients,
empirical exposure studies in chambered and non-chambered systems, as well as process

model simulations.

® Studies of growth response using open-top chambers have provided useful data for assessing
O, impact on common and economically valuable species, and developing functional
growth-response models that enable the prediction of O, impact over a wide range of
ambient air exposures. The studies were designed to maximize statistical robustness by
replicating a number of treatments and, at the same time, considering issues of extrapolation
by conducting the studies across a wide range of crop-growing regions and forested sites in
the United States. Such designs allowed the studies to account for climate and growing

conditions, as well as regional crop growing practices.
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® Recent exposure studies in Illinois using the non-chambered FACE system with soybean
cultivars reported reductions in yield of soybeans in two year-long studies similar to the
reductions found in multiple soybean studies conducted in the 1980’s using open-top
chamber systems. Multiple-year exposure studies using the FACE system (a) found foliar
injury and reduced volume growth in aspen and maple similar to results reported from earlier
open-top chamber studies and (b) highlight the importance of multiyear studies with

longer-growing species.

® Since 1996, additional studies have supported 1996 O; AQCD conclusions that deciduous
trees are generally less O, sensitive than most annual species or crop plants, with the
exception of a few very sensitive genera (e.g., sensitive clones or genotypes of Populus) and
sensitive species (e.g., black cherry). Coniferous species have a wide range of O,
sensitivities but, in general, are less sensitive than deciduous species. Among conifers, the
slower-growing species are less sensitive than faster-growing species. Data from a few

European studies support these conclusions.

® For all types of perennial vegetation, cumulative effects over more than one growing season
may be important; studies of one or a few seasons may under- or overestimate O, impacts on
these species. Results from multiyear studies sometimes found a pattern of increased effects
in subsequent years, whereas other studies reported growth decreases due to O, that become
less significant or disappear over time. It is difficult to conduct empirical experiments with
long-lived trees, because even multiyear exposures only account for a small fraction of the
tree’s lifetime. Model simulations of growth have been a tractable approach to account for

time and changing climate in assessing the impact on long-lived trees.

Ecosystem Effects

® There is strong evidence that O, in locations where ambient levels are relatively high, is an
important stressor of ecosystems, with documented impacts on the biotic condition,
ecological processes, and chemical/physical nature of natural ecosystems. Experimentally
documented effects on individual keystone species and their associated microflora and fauna

may cascade through the ecosystem to the landscape level, but this has not been quantified.
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® Systematic injury surveys (e.g., USDA Forest Health Network; Europe’s ICP Forests) show
that foliar injury and crown/canopy deformations occur in O,-sensitive species in many
regions of the United States and Europe. However, the lack of general correspondence
between foliar symptoms and growth effects means that other methods must be used to
estimate regional effects of O, on tree growth. Regional studies of radial growth in mature
trees, combined with data from many controlled studies with seedlings and a few studies
with mature trees, suggest that ambient O; may be reducing the growth of mature trees in

some U.S. locations.

® The use of physiological-based process models to simulate tree growth, combined with
stand-level models predicting forest composition and productivity, is an approach being used
recently in assessing O, impacts on forests. These tools suggest that modest O, effects on
growth may accumulate over time and interact with effects of other naturally occurring
stresses (e.g., drought, nutrient availability). For mixed-species stands, the models predict
that overall stand growth may not be affected, but competitive interactions among species

may change the composition due to growth reductions in sensitive species.

® The knowledge base for examining the range of ecological effects of O, on natural
ecosystems is growing, but significant uncertainties remain regarding O, effects at the
ecosystem level. A number of significant areas for investigation that would improve our
ability to assess O; effects on ecosystems and the services they provide for human well-being

have been outlined and discussed (see Annex AX-9).

E.6. TROPOSPHERIC OZONE EFFECTS ON UV-B FLUX AND ITS
ROLE IN CLIMATE CHANGE

Molecular properties specific to O, include a capacity for absorbing incoming ultraviolet
(UV) and infrared (IR) radiation, and both incoming solar and outgoing terrestrial IR radiation.
Consequently, O, plays an essential role in shielding the earth’s surface from harmful levels of
UV-B radiation, by way of the stratospheric O, layer. Its effectiveness as a screen for the

residual UV-B flux that penetrates the stratosphere and passes into the troposphere and its role in
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reducing UV-induced human health effects are addressed in Chapter 10. The radiation-
absorbing properties of O, also make it a greenhouse gas (GHG) having global and regional
consequences for climate, as also addressed in Chapter 10. Important conclusions from
Chapter 10 are summarized below.

® The distribution of O, within the atmosphere. Ozone is distributed very unevenly within the

atmosphere, with ~90% of the total atmospheric burden present in the stratosphere. The
remaining ~10% is distributed within the troposphere, with higher relative concentrations
near the source of its precursors at the surface. Concentrations of O, at the mid- and upper-

troposphere vary, depending upon meteorological conditions.

® Multiple factors govern the flux of UV-B radiation at the Earth’s surface. Latitude and

altitude are the two most important factors that define the residual UV-B flux at the surface.
Natural variation in the total column density of stratospheric O is also an important factor.
All of these factors are followed in importance by tropospheric clouds, particulate matter
(PM) and O,. The effect of natural stratospheric variation, clouds, PM and tropospheric O,

on UV fluxes within the troposphere and at the surface are each very difficult to predict.

® A UV-B “climatology” is needed to predict human exposure levels. A UV-B climatology,

representing patterns and trends in UV-B flux at the Earth’s surface, must be based on
extended in situ observations in order to adequately capture natural variability and the effects
of human activities on atmospheric UV-B absorbers. At present, the body of UV-B

measurements cannot support the development of a climatology.

® Human exposure to UV-B radiation. Quantitative evaluation of human exposure to UV-B

radiation is necessary to perform health risk assessment for UV-B-related health effects.
Individuals who participate in outdoor sports and activities, work outdoors, live in
geographic areas with higher solar flux, and/or engage in high-risk behavior (e.g., extended
sun bathing) can reasonably be projected to be at increased risk for higher UV radiation
exposures. However, little is known about the impact of variability in these factors on

individual exposure to UV radiation.
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® Human health effects of UV-B radiation. Exposure to UV-B radiation is associated with

increased risk of erythema, nonmelanoma and melanoma skin cancers, ocular damage, and
immune system suppression. Some studies have attempted to estimate the potential effects
of changes in surface-level UV flux resulting from stratospheric O; depletion on these health
outcomes; however, the numerous simplifying assumptions made in the assessments limit the
usefulness of the risk estimates. The effect of changes in surface-level O, concentrations on

UV-induced health outcomes cannot yet be critically assessed within reasonable uncertainty.

® Vitamin D-related health benefits of UV-B radiation. A potential health benefit of increased

UV-B exposure relates to the production of vitamin D in humans. Several studies have
found that UV-B radiation, by increasing vitamin D production, is associated with reduced
risks of various cancers. However, as with other impacts of UV-B on human health, this
beneficial effect of UV-B has not been studied in sufficient detail to allow for a credible
health benefits assessment. No study has been done of the decreased risk of cancer resulting
from increased UV radiation attributable to decreased tropospheric O, levels, but the change

in risk is expected to be unappreciable.

® Ozone is a potent GHG. Ozone traps incoming solar radiation at both ends of the spectrum,

as well as shortwave radiation that is scattered from high-albedo portions of the Earth’s
surface. Outgoing terrestrial IR is absorbed by O, within the range where water vapor does
not absorb, so that natural variability in humidity does not alter its radiative impact. These
effects directly force climate. By participating in the oxidative chemistry of the atmosphere,

O, can indirectly and negatively force climate by the removal of other greenhouse gases.

® Multiple factors influence the forcing effect of tropospheric O,. Estimates of present-day

forcing by O, depend upon currently available information on pre-industrial and current O,
concentrations. Both are limited and, therefore, very uncertain. Other factors, including the
albedo of underlying surface, altitude and co-occurrence of PM can also complicate the

calculation of globally-averaged forcing.

E-32



® Globally-averaged direct forcing by O,. On the basis of the best available information, a

2001 Intergovernmental Panel on Climate Change (IPCC) report offered an estimated value
0f 0.35 £ 0.15 Wm ? for the annual, globally-averaged direct forcing by tropospheric O,.

Another recent estimate places this value at 0.5 £ 0.2 Wm 2.

® Projections of forcing by O, into the future. A CTM-climate modeling intercomparison

study carried out as part of the third assessment by the IPCC yielded an estimated 0.4 to
0.78 Wm * forcing by O, by the year 2100. The authors of this study concluded that O, can

be expected to be an important contributor to climate forcing into the future.

® (limate forcing by O, at the regional scale may be its most import impact on climate.

Satellites have detected high O, concentrations localized at the regional scale that are
associated with large urban centers and extensive biomass burning. Climate forcing by these
high, regional-scale O, concentrations have been estimated to be on the order of 1 Wm ™ (a
substantial fraction of the direct, globally-averaged forcing due to well-mixed GHGs,
including CO,). The impact of climate forcing at this level depends upon the particular
characteristics of the region in which it occurs. At present, regional-scale modeling studies

are not available that provide estimates of these effects.

E.7 MATERIALS DAMAGE

The Chapter 11 discussion of O, effects on man-made materials mainly summarizes key
information from the 1996 O; AQCD, given that little new pertinent research information on O;-

related materials damage has been published since then. Key points include the following:

® (Ozone and other photochemical oxidants react with many economically important man-made
materials, decreasing their useful life and aesthetic appearance. Materials damaged by O,
include elastomers; textiles and fibers; dyes, pigments, and inks; and paints and other surface

coatings.

E-33



® FElastomeric compounds (natural rubber and synthetic polymers and copolymers of
butadiene, isoprene, and styrene) are highly susceptible, to even low O, concentrations.
These compounds are damaged by O, breaking molecular chains at the carbon-carbon double
bond and by adding a chain of three oxygen atoms directly across the double bond. This
structure change promotes characteristic cracking of stressed/stretched rubber called
“weathering.” Tensile strain produces cracks on the surface of the rubber that increase in
size and number with increased stress/stretching. The rate of crack growth is dependent on
degree of stress, type of rubber compound, O, concentration, duration of exposure, O,
velocity, and temperature. After initial cracking, further O, penetration results in additional

cracking and, eventually, mechanical weakening.

® (Ozone can damage textiles and fabrics by mechanisms similar to those associated with
elastomers. Generally, synthetic fibers are less affected by O, than natural fibers. Overall,

O, contribution to degradation of textiles and fabrics is not considered significant.

® Ozone fading of textile dyes is a diffusion-controlled process, with the rate of fading being
controlled by diffusion of the dye to the fiber surface. Many textile dyes react with O;. The

rate and severity of the O, attack is influenced by the chemical nature of the textile fiber.

® Paints applied to exterior surfaces of buildings and other structures (e.g., bridges), as well as
several artists’ pigments, are also sensitive to fading and oxidation by O, at concentrations

found in U.S. urban areas.
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1. INTRODUCTION

This is an update revision of the document, “Air Quality Criteria for Ozone and Related
Photochemical Oxidants,” published by the U.S. Environmental Protection Agency (EPA) in
1996 (U.S. Environmental Protection Agency, 1996a). That 1996 Ozone Air Quality Criteria
Document (O; AQCD) provided scientific bases for Congressionally-mandated periodic review
by the EPA of the Ozone National Ambient Air Quality Standards (O; NAAQS), which led to
promulgation of new O; NAAQS by EPA in 1997 (Federal Register, 1997).

The present document critically assesses the latest scientific information relative to
characterizing health and welfare effects associated with the presence of various concentrations
of O, and related oxidants in ambient air. It builds upon the previous 1996 EPA O; AQCD,
by focusing on evaluation and integration of scientific information relevant to O; NAAQS
criteria development that has become available since that covered by the 1996 criteria review;
and it will provide scientific bases for the current periodic review of the O; NAAQS.

This introductory chapter of the revised O; AQCD presents: (a) background information
on legislative requirements, the criteria and NAAQS review process, and the history of O,
NAAQS reviews (including a chronology of changes in key elements of the O, standards);

(b) an overview of the current O, criteria review process and associated key milestones; and

(c) an orientation to the general organizational structure and content of the document.

1.1 LEGAL AND HISTORICAL BACKGROUND

1.1.1 Legislative Requirements

Two sections of the U.S. Clean Air Act (CAA) govern establishment, review, and revision
of National Ambient Air Quality Standards (NAAQS). Section 108 of the CAA (42 U.S.C.
7408) directs the Administrator of the U.S. Environmental Protection Agency (EPA) to identify
ambient air pollutants that may be reasonably anticipated to endanger public health or welfare
and to issue air quality criteria for them. The air quality criteria are to reflect the latest scientific
information useful in indicating the kind and extent of all identifiable effects on public health or

welfare that may be expected from the presence of a given pollutant in ambient air.
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Section 109(a) of the CAA (42 U.S.C. 7409) directs the Administrator of EPA to propose
and promulgate primary and secondary NAAQS for pollutants identified under Section 108.
Section 109(b)(1) defines a primary standard as one that, in the judgment of the Administrator, is
requisite to protect the public health (see inset below) based on the criteria and allowing for an
adequate margin of safety. The secondary standard, as defined in Section 109(b)(2), must
specify a level of air quality that, in the judgment of the Administrator, is requisite to protect the
public welfare (see inset below) from any known or anticipated adverse effects associated with

the presence of the pollutant in ambient air, based on the criteria.

EXAMPLES OF EXAMPLES OF
PUBLIC HEALTH EFFECTS PUBLIC WELFARE EFFECTS
u[] Effects on the health of the general population, u[] Effects on personal comfort and well-being
or identifiable groups within the population, m[] Effects on economic values
who are exposed to pollutants in ambient air m[] Deterioration of property
u[] Effects on mortality (] Hazards to transportation
u[] Effects on morbidity u[] Effects on the environment, including:
m[] Effects on other health conditions including
indicators of: * animals * vegetation
e climate « visibility
* pre-morbid processes, * crops e water
« risk factors, and » materials * weather
« disease * soils « wildlife

Section 109(d) of the CAA (42 U.S.C. 7409) requires periodic review and, if appropriate,
revision of existing criteria and standards. If, in the Administrator's judgment, the Agency's
review and revision of criteria make appropriate the proposal of new or revised standards, such
standards are to be revised and promulgated in accordance with CAA Section 109(b). Or, the
Administrator may find that revision of the standards is not appropriate and conclude the review
by leaving existing standards unchanged. Section 109(d)(2) of the CAA also requires that an
independent scientific review committee be established to advise the EPA Administrator on
NAAQS matters, including the scientific soundness of criteria (scientific bases) supporting
NAAQS decisions. This role is fulfilled by the Clean Air Scientific Advisory Committee
(CASAC), which is administratively supported by EPA’s Science Advisory Board (SAB).
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1.1.2 Criteria and NAAQS Review Process

Periodic reviews by EPA of criteria and NAAQS for a given criteria air pollutant progress
through a number of steps, beginning with preparation of an air quality criteria document
(AQCD) by EPA’s National Center for Environmental Assessment Division in Research
Triangle Park, NC (NCEA-RTP). The AQCD provides a critical assessment of the latest
available scientific information upon which the NAAQS are to be based. Drawing upon the
AQCD, staff of EPA’s Office of Air Quality Planning and Standards (OAQPS) prepare a Staff
Paper that evaluates policy implications of the key studies and scientific information contained
in the AQCD and presents EPA staff conclusions and recommendations for standard-setting
options for the EPA Administrator to consider. The Staff Paper is intended to help “bridge the
gap” between the scientific assessment contained in the AQCD and the judgments required of
the Administrator in determining whether it is appropriate to retain or to revise the NAAQS.
Iterative drafts of the AQCD and the Staff Paper (as well as other analyses, such as exposure
and/or risk assessments, supporting the Staff Paper) are made available for public comment and
CASAC review. Final versions of the AQCD and Staff Paper incorporate changes made in
response to CASAC and public review. Based on the information in these documents, the EPA
Administrator proposes decisions on whether to retain or revise the NAAQS, taking into account
public comments and CASAC advice and recommendations. The Administrator’s proposed
decisions are published in the Federal Register, with a preamble that presents the rationale for
the decisions and solicits public comment. After considering comments received on the
proposed decisions, the Administrator then makes final decisions on retaining or revising the
NAAQS, which are promulgated in a Federal Register notice that addresses significant
comments received on the proposal.

NAAQS decisions involve consideration of the four basic elements of a standard:
indicator, averaging time, form, and level. The indicator defines the pollutant to be measured in
the ambient air for the purpose of determining compliance with the standard. The averaging
time defines the time period over which air quality measurements are to be obtained and
averaged, considering evidence of effects associated with various time periods of exposure.

The form of a standard defines the air quality statistic that is to be compared to the level of the
standard (i.e., an ambient concentration of the indicator pollutant) in determining whether an

area attains the standard. The form of the standard specifies the air quality measurements that
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are to be used for compliance purposes (e.g., the 98th percentile of an annual distribution of
daily concentrations; the annual arithmetic average), the monitors from which the measurements
are to be obtained (e.g., one or more population-oriented monitors in an area), and whether the
statistic is to be averaged across multiple years. These basic elements of a standard are the
primary focus of the staff conclusions and recommendations in the Staff Paper and in the
subsequent rulemaking, building upon the policy-relevant scientific information assessed in the
AQCD and on the policy analyses contained in the Staff Paper. These four elements taken
together determine the degree of public health and welfare protection afforded by the NAAQS.

1.1.3 Regulatory Chronology'

On April 30, 1971, primary and secondary NAAQS for photochemical oxidants were
promulgated by EPA under Section 109 of the CAA (36 FR 8186). These NAAQS were set at
an hourly average of 0.08 ppm total photochemical oxidants, not to be exceeded more than 1 h
per year. On April 20, 1977, the EPA announced (42 FR 20493) the first review and updating of
the 1970 Air Quality Criteria Document for Photochemical Oxidants in accordance with Section
109(d) of the CAA. In preparing that criteria document, EPA made two external review drafts of
the document available for public comment, and these drafts were peer reviewed by the
Subcommittee on Scientific Criteria for Photochemical Oxidants of EPA’s Science Advisory
Board (SAB). A final revised AQCD for Ozone and Other Photochemical Oxidants was then
published on June 22, 1978.

Based on the revised 1978 AQCD and taking into account the advice and recommendations
of the SAB Subcommittee and public comments, the EPA announced (44 FR 8202) a final
decision to revise the NAAQS for photochemical oxidants on February 8, 1979. That final
rulemaking revised the primary standard from 0.08 ppm to 0.12 ppm, set the secondary standard
to be the same as the primary standard, changed the chemical designation of the standards from
photochemical oxidants to O,, and revised the definition of the point at which the standard is

attained as indicated in Table 1-1.

'This following text is excerpted and adapted from the “Proposed Decision on the National Ambient
Air Quality Standards for Ozone,” 57 FR 35542, 35542-35557 (August, 10, 1992) and the “National Ambient Air
Quality Standards for Ozone; Final Rule,” 62 FR 38856, 83356-38896 (July 18, 1997).
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Table 1-1. National Ambient Air Quality Standards (NAAQS) for Ozone

Date of Promulgation Primary and Secondary NAAQS Averaging Time
February 8, 1979 0.12 ppm* (235 pg/m’) 1h°
July 18, 1997 0.08 ppm* (157 pg/m?) 8 h°

1 ppm = 1962 pg/m?®, 1 pg/m* = 5.097 x 10~ ppm @ 25 °C, 760 mm Hg.

The standard is attained when the expected number of days per calendar year with a maximum hourly average
concentration above 235 pg/m’ (0.12 ppm) is equal to or less than one.

‘Based on the 3-year average of the annual fourth-highest daily maximum 8-h average concentration measured
at each monitor within an area.

Source: Federal Register (1979, 1997).

On March 17, 1982, in response to requirements of Section 109(d) of the CAA, the EPA
announced (47 FR 11561) that it planned to revise the existing 1978 AQCD for Ozone and Other
Photochemical Oxidants; and, on August 22, 1983, it announced (48 FR 38009) that review of
the primary and secondary NAAQS for O, had been initiated. The EPA provided a number of
opportunities for expert review and public comment on revised chapters of the AQCD, including
two public peer-review workshops in December 1982 and November 1983. Comments made at
both workshops were considered by EPA in preparing the First External Review Draft that was
made available (49 FR 29845) on July 24, 1984, for public review. On February 13, 1985
(50 FR 6049) and then on April 2, 1986 (51 FR 11339), EPA announced two public CASAC
meetings, which were held on March 4-6, 1985 and April 21-22, 1986, respectively. At these
meetings, the CASAC reviewed external review drafts of the revised AQCD for O, and Other
Photochemical Oxidants. After these two reviews, CASAC’s consensus views were summarized
by the CASAC Chair in an October 1986 letter to the EPA Administrator, which stated that the
document “represents a scientifically balanced and defensible summary of the extensive
scientific literature.” Taking into account public and CASAC comments on the two external
review drafts, revisions were made by EPA and the final document was released by EPA in
August 1986.

The first draft of the Staff Paper “Review of the National Ambient Air Quality Standards
for Ozone: Assessment of Scientific and Technical Information” drew upon key findings and

conclusions from the AQCD and was reviewed by CASAC at the April 21-22, 1986 public
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meeting. At that meeting, the CASAC recommended that new information on prolonged O,
exposure effects be considered in a second draft of the Staff Paper. The CASAC reviewed the
resulting second draft and also heard a presentation of new and emerging information on the
health and welfare effects of O, at a December 14-15, 1987 public review meeting. The CASAC
concluded that sufficient new information existed to recommend incorporation of relevant

new data into a supplement to the 1986 AQCD (O, Supplement) and into a third draft of the
Staff Paper.

A draft O, Supplement, entitled “Summary of Selected New Information on Effects of
Ozone on Health and Vegetation: Draft Supplement to Air Quality Criteria for Ozone and Other
Photochemical Oxidants,” and the revised Staff Paper were made available to CASAC and to
the public in November 1988. The O, Supplement assessed selected literature concerning
exposure- and concentration-response relationships observed for health effects in humans and
experimental animals and for vegetation effects that appeared in papers published or in-press
from 1986 through early 1989. On December 14-15, 1988, the CASAC held a public meeting to
review these documents and then sent the EPA Administrator a letter (dated May 1, 1989),
which stated that the draft O, Supplement, the 1986 AQCD, and the draft Staff Paper “provide
an adequate scientific basis for the EPA to retain or revise the primary and secondary standards
of ozone.” The CASAC concluded (a) that it would be some time before sufficient new
information on the health effects of multihour and chronic exposure to O; would be published in
scientific journals to receive full peer review and, thus, be suitable for inclusion in a criteria
document and (b) that such information could be considered in the next review of the O,
NAAQS. A final version of the O, Supplement was published in 1992 (U.S. Environmental
Protection Agency, 1992).

On October 22, 1991, the American Lung Association and other plaintiffs filed suit to
compel the Agency to complete the review of the criteria and standards for O, in accordance
with the CAA. The U.S. District Court for the Eastern District of New York subsequently issued
an order requiring the EPA to announce its proposed decision on whether to revise the standards
for O, by August 1, 1992 and to announce its final decision by March 1, 1993.

The proposed decision on O, which appeared in the Federal Register on August 10, 1992
(57 FR 35542), indicated that revision of the existing 1-h O; NAAQS was not appropriate at that
time. A public hearing on this decision was held in Washington, DC on September 1, 1992; and
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public comments were received through October 9, 1992. The final decision not to revise the
1-h NAAQS was published in the Federal Register on March 9, 1993 (58 FR 13008). However,
that decision did not take into consideration a number of more recent studies on the health

and welfare effects of O, that had been published since the last of the literature assessed in

the O, Supplement (i.e., studies available through 1985 and into early 1986).

The Agency initiated consideration of such studies as part of the next congressionally![
mandated periodic review of O, criteria and NAAQS. The new studies were assessed in revised
draft O; AQCD chapters that were peer reviewed in July and September 1993 workshops,
followed by public release of the O; AQCD First External Review Draft in February 1994 and
CASAC review on July 20-21, 1994. Further drafts of the O; AQCD, revised in response to
public comments and CASAC review, were reviewed by CASAC on March 21-25, 1995, and at
a final CASAC review meeting on September 19-20, 1995. The scientific soundness of the
revised O; AQCD was recognized by CASAC in a November 28, 1995 letter to the EPA
Administrator; and the final O; AQCD was published in July 1996.

The first draft of the associated Staff Paper, “Review of the National Ambient Air Quality
Standards for Ozone: Assessment of Scientific and Technical Information,” was also reviewed
by CASAC at the March 21-22, 1995 public meeting. CASAC also reviewed subsequent drafts
of the Staff Paper at public meetings on September 19-20, 1995 and March 21, 1996, with
completion of CASAC review of the primary and secondary standard portions of the draft
Staff Paper being communicated in letters to the EPA Administrator dated November 30, 1995
and April 4, 1996, respectively. The final O, Staff Paper was published in June 1996 (U.S.
Environmental Protection Agency, 1996b).

On December 13, 1996, EPA published its proposed decision to revise the O; NAAQS
(61 FR 65716). Extensive opportunities for public comment on the proposed decision, including
several public hearings and two national satellite telecasts, were then provided by EPA; and
EPA’s final decision to promulgate a new 8-h O; NAAQS (see Table 1-1) was published on July
18, 1997 (62 FR 38856).

Following promulgation of the new standards, numerous petitions for review of the
standards were filed in the U.S. Court of Appeals for the District of Columbia Circuit (D.C.
Circuit)>. On May 14, 1999, the Court remanded the O; NAAQS to EPA, finding that

2American Trucking Associations v. EPA, No. 97-1441.
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Section 109 of the CAA, as interpreted by EPA, effected an unconstitutional delegation of
legislative authority’. In addition, the Court directed that, in responding to the remand, EPA
should consider the potential beneficial health effects of O, pollution in shielding the public from
the effects of solar ultraviolet (UV) radiation. On January 27, 2000, EPA petitioned the U.S.
Supreme Court for certiorari on the constitutional issue (and two other issues), but did not
request review of the D.C. Circuit ruling regarding the potential beneficial health effects of O;.
On February 27, 2001, the U.S. Supreme Court unanimously reversed the judgment of the D.C.
Circuit on the constitutional issue (holding that section 109 of the CAA does not delegate
legislative power to the EPA in contravention of the Constitution) and remanded the case to the
D.C. Circuit to consider challenges to the O; NAAQS that had not been addressed by that Court's
earlier decisions®. On March 26, 2002, the D.C. Circuit issued its final decision, finding that the
1997 O, NAAQS were “neither arbitrary nor capricious,” and denied the remaining petitions

for review’.

On November 14, 2001, EPA proposed to respond to the Court’s remand to consider the
potential beneficial health effects of O, pollution in shielding the public from the effects of solar
UV radiation by leaving the 1997 8-h NAAQS unchanged. Following a review of information in
the record and the substantive comments received on the proposed response, EPA issued a final

response to the remand, reaffirming the 8 h O3 NAAQS (68 FR 614, January 6, 2003).

1.2 CURRENT OZONE CRITERIA AND NAAQS REVIEW

1.2.1 Key Milestones and Procedures for Document Preparation

It is important to note at the outset that development of the present O; AQCD included
substantial external expert review and opportunities for public input through (a) public
workshops involving the general scientific community, (b) iterative reviews of successive
AQCD drafts by CASAC, and (¢) comments from the public on successive drafts. Extensive

external inputs received through such reviews help to ensure that the current periodic review of

3 American Trucking Associations v. EPA, 175 F.3d 1027 (D.C. Cir., 1999).
*Whitman v. American Trucking Associations, 531 U.S. 457 (2001).

SAmerican Trucking Associations v. EPA, 283 F.3d 355, (D.C. Cir. 2002).
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the O, standards is based on critical assessment of the latest available pertinent science as
presented in this document and drawn upon in the associated Ozone Staff Paper.

The procedures for developing this revised O; AQCD build on experience derived from the
other recent criteria document preparation efforts, with key milestones for development of
this O; AQCD being listed in Table 1-2. Briefly, respective responsibilities for production of the
document and key milestones are as follows. An NCEA-RTP Ozone Team created and
implemented a project plan for developing the O; AQCD, taking into account input from
individuals in other EPA program and policy offices identified as part of the EPA Ozone Work
Group. The resulting plan, i.e., the “Project Work Plan for Revised Air Criteria for Ozone and
Related Photochemical Oxidants” (November 2002), was discussed with CASAC in January
2003. Under the processes established in Sections 108 and 109 of the CAA, the EPA officially
initiated the current criteria and NAAQS review by announcing the commencement of the
review in the Federal Register (65 FR 57810, September, 2000) with a call for information. That
Federal Register notice included (1) a request asking for recently available research information
on O, that may not yet have been published and (2) a request for individuals with the appropriate
type and level of expertise to contribute to the writing of O; AQCD materials to identify
themselves. The specific authors of chapters or sections of the proposed document included both
EPA and non-EPA scientific experts, who were selected on the basis of their expertise on the
subject areas and their familiarity with the relevant literature. The project team defined critical
issues and topics to be addressed by the authors and provided direction in order to focus on
evaluation of those studies most clearly identified as important for standard setting. An ongoing
literature search that was underway prior to initiation of work on this document continued
throughout its preparation to identify pertinent O, literature published since early 1996.

As with other NAAQS reviews, critical assessment of relevant scientific information is
presented in this updated O; AQCD. The main focus of this document is the evaluation and
interpretation of pertinent atmospheric science information, air quality data, human exposure
information, and health and welfare effects information newly published since that assessed in
the 1996 O, AQCD. Draft versions of AQCD chapter materials were evaluated via expert peer!
consultation workshop discussions (see Table 1-2) that focused on the selection of pertinent
studies to be included in the chapters, the potential need for additional information to be added to

the chapters, and the quality of the characterization and interpretation of the literature. The



Table 1-2. Key Milestones for Development of Revised Ozone Air Quality

Criteria Document (O, AQCD)

Major Milestones Dates
1. Literature Search Ongoing
2. Federal Register Call for Information September 2000
3. Draft Project Plan Available for Public Comment Dec 2001 - March 2002
4. Revised Draft Project Plan Released for CASAC Consultation December 2002
5. CASAC Consultation on Draft Project Work Plan January 2003
6. Peer-Consultation Workshop on Draft Ecological Effects Materials April 2003
7. Peer-Consultation Workshops on Draft Atmospheric July 2004
Science/Exposure and Dosimetry/Health Chapters
8. First External Review Draft of O; AQCD January 2005
9. Public Comment Period (90 days) Feb - April 2005
10. CASAC Public Review Meeting (First External Review Draft) May 4-5, 2005
11. Second External Review Draft of O; AQCD August 2005
12. Public Comment Period (90 days) Sept - Nov 2005
13. CASAC Public Review Meeting (Second External Review Draft) December 6-8, 2005
14. Final O, AQCD February 28, 2006

authors of the draft chapters then revised them on the basis of the workshop and/or other expert
review comments®. These and other integrative materials were then incorporated into the First
External Review Draft (January 2005) of this O; AQCD, which was made available for public
comment and CASAC review, as indicated in Table 1-2.

Following review of the First External Review Draft at a May 4-5, 2005 CASAC meeting,
EPA incorporated revisions into the draft O; AQCD in response to comments from CASAC and
the public and made a Second External Review Draft (August, 2005) available for further public
comment and CASAC review as shown in Table 1-2. More specifically, the Second External
Review Draft underwent public comment during September-November, 2005, and was reviewed

by CASAC at a December 6-8, 2005 public meeting. This final O; AQCD, completed by

%It should be noted that materials contributed by non-EPA authors were, at times, modified by EPA Ozone
Team staff in response to internal and/or external review comments and that EPA is responsible for the ultimate
content of this O; AQCD.
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February 28, 2006, incorporates revisions made in response to public comments and CASAC
reviews of the earlier draft AQCD materials. An electronic version of this document can be
accessed via an EPA website at: www.epa.gov/ncea.

The EPA’s Office of Air Quality Planning and Standards (OAQPS) staff is also preparing
further draft O, Staff Paper materials which draw upon key information contained in this final O,
AQCD. After review of that draft O, Staff Paper by the public and by CASAC, EPA will take
public and CASAC comments into account in producing a Final Ozone Staff Paper. That Staff
Paper, in final form, will present options for consideration by the Administrator of EPA

regarding whether to retain or, if appropriate, to revise the O; NAAQS.

1.3 ORGANIZATIONAL STRUCTURE OF THE DOCUMENT

1.3.1 General Document Format

The general format used in preparing this O; AQCD is to open each new section for the
updated document with concise summarization of key findings and conclusions from the
previous 1996 O; AQCD (U.S. Environmental Protection Agency, 1996a). After presentation of
such background information, the remainder of each section typically provides an updated
discussion of newer literature and resulting key conclusions. In some cases where no new
information is available, the summary of key findings and conclusions from the previous criteria
document must suffice as the basis for current key conclusions. Increased emphasis is placed in
the main chapters of this revised O; AQCD on interpretative evaluation and integration of
evidence pertaining to a given topic than has been typical of previous EPA air quality criteria
documents, with more detailed descriptions of individual studies being provided in a series of
accompanying annexes.

A list of references published since completion of the 1996 criteria document was made
available to the authors. The references were selected from information data base searches
conducted by EPA. Additional references were added to the list (e.g., missed or recently
published papers or “in press” publications) as work proceeded in creating draft document
materials. As an aid in selecting pertinent new literature, the authors were also provided with a
summary of issues that needed to be addressed in this revised O; AQCD. These issues were

identified by NCEA-RTP Ozone Team members, by the EPA Ozone Work Group, and by
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authors and reviewers of draft O; AQCD materials, and they were further expanded, as
appropriate, based on public discussions, workshops, or other comments received by EPA in the

course of development of this document.

1.3.2 Organization and Content of the Document

This revised AQCD for Ozone and Related Photochemical Oxidants critically assesses
scientific information on the health and welfare effects associated with exposure to the
concentrations of these pollutants in ambient air. The document does not provide a detailed
literature review; but, rather, discusses cited references that reflect the current state of knowledge
on the most relevant issues pertinent to the derivation of NAAQS for O, and/or related
photochemical oxidants. Although emphasis is placed on discussion of health and welfare
effects information, other scientific data are presented and evaluated in order to provide a better
understanding of the nature, sources, distribution, measurement, and concentrations of O, and
related photochemical oxidants in ambient air, as well as the measurement of population
exposure to these pollutants.

The main focus of the scientific information discussed in the text comes from literature
published since completion of the 1996 O, AQCD (U.S. Environmental Protection Agency,
1996a). Emphasis is placed on studies conducted at or near O, concentrations found in ambient
air. Other studies are included if they contain unique data, such as the documentation of a
previously unreported effect or of a mechanism for an observed effect; or if they were multiple!
concentration studies designed to elucidate exposure-response relationships. Generally, this is
not an issue for human clinical or epidemiology studies. However, for animal toxicology
studies, consideration is given mainly to those studies conducted at less than 1 ppm O;.

Key information from studies assessed in the previous O; AQCD and whose data impacted the
derivation of the current NAAQS are briefly summarized in the text, along with specific citations
to the previous document. Prior studies are also discussed if they (1) are open to reinterpretation
in light of newer data, or (2) are potentially useful in deriving revised standards for O,.
Generally, only information that has undergone scientific peer review and has been published

(or accepted for publication) through December 2004 is included in this draft document. A few
particularly pertinent and important new studies published or accepted for publication beyond

the end of 2004 are also considered.
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This revised O; AQCD consists of three volumes. The first volume includes an Executive
Summary and Conclusions, as well as Chapters 1 through 11 of the document. This introductory
chapter (Chapter 1) presents background information on the purpose of the document, legislative
requirements, and the history of past O; NAAQS regulatory actions, as well as an overview of
the organization and content of the document. Chapter 2 provides information on the physics
and chemistry of O, and related photochemical oxidants in the atmosphere. Chapter 3 covers
tropospheric O, environmental concentrations, patterns, and exposures. The accompanying
annexes to each of these background chapters are found in Volume II.

Health information pertinent to derivation of the primary O; NAAQS is then mainly
covered in the next several chapters (Chapters 4 through 8). Chapter 4 discusses O, dosimetry
aspects; and Chapters 5, 6, and 7 discuss animal toxicological studies, controlled-exposure
studies of human health effects, and epidemiologic studies of ambient air exposure effects on
human populations, respectively. Chapter 8 then provides an integrative and interpretive
evaluation of key information relevant to O, exposure and health risks of most pertinence to the
review of primary O, NAAQS. The annexes to these health-related chapters are found in
Volume II.

The remaining three chapters of the document assess welfare effects information pertinent
to the review of secondary O; NAAQS. More specifically, Chapter 9 deals with ecological and
other environmental effects of O, and related photochemical oxidants. Chapter 10 assesses
tropospheric O, involvement in climate change processes, including impacts on solar UV flux in
Earth’s lower atmosphere. Lastly, Chapter 11 discusses O, effects on man-made materials as a
third type of welfare effect of potential concern. Annex materials related to welfare effects

(especially vegetation/ecological effects) are contained in Volume III.
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2. PHYSICS AND CHEMISTRY OF OZONE
IN THE ATMOSPHERE

2.1 INTRODUCTION

Ozone (O;) and other oxidants, such as peroxacyl nitrates and hydrogen peroxide (H,0,)
form in polluted areas by atmospheric reactions involving two main classes of precursor
pollutants, volatile organic compounds (VOCs) and nitrogen oxides (NO,). Carbon monoxide
(CO) is also important for O, formation in polluted areas. Ozone is thus a secondary pollutant.
The formation of O;, other oxidants and oxidation products from these precursors is a complex,
nonlinear function of many factors: the intensity and spectral distribution of sunlight;
atmospheric mixing and processing on cloud and aerosol particles; the concentrations of the
precursors in ambient air; and the rates of chemical reactions of the precursors. Information
contained in this chapter and in greater detail in Annex AX2 describes these processes,
numerical models that incorporate these processes to calculate O, concentrations, and techniques
for measuring concentrations of ambient oxidants.

The atmosphere can be divided into several distinct vertical layers, based primarily on the
major mechanisms by which they are heated and cooled. The lowest major layer is the
troposphere, which extends from the earth’s surface to about 8 km above polar regions and to
about 16 km above tropical regions. The planetary boundary layer (PBL) is the lower sublayer
of the troposphere, extending from the surface to about 1 or 2 km and is most strongly affected
by surface conditions. The stratosphere extends from the tropopause, or the top of the
troposphere, to about 50 km in altitude (Annex AX2.2.1). The emphasis in this chapter is placed
on chemical and physical processes occurring in the troposphere, in particular in the PBL. The
processes responsible for producing summertime O, episodes are fairly well understood, as
discussed in the previous Air Quality Criteria Document for Ozone and Related Photochemical
Oxidants or 1996 O; AQCD (U.S. Environmental Protection Agency, 1996). This chapter
mainly considers topics for which there is substantial new information and on topics that form

the basis for discussions in later chapters.
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2.2 CHEMICAL PROCESSES INVOLVED IN OZONE FORMATION
AND DESTRUCTION

Ozone occurs not only in polluted urban atmospheres but throughout the troposphere, even
in remote areas of the globe. The same basic processes, involving sunlight-driven reactions
of NO, and VOC:s contribute to O, formation throughout the troposphere. These processes also
lead to the formation of other photochemical products, such as peroxyacetyl nitrate (PAN), nitric
acid (HNO,), and sulfuric acid (H,SO,), and to other compounds, such as formaldehyde (HCHO)
and other carbonyl compounds, such as aldehydes and ketones.

The photochemical formation of O, in the troposphere proceeds through the oxidation of
nitric oxide (NO) to nitrogen dioxide (NO,) by organic (RO,) or hydro-peroxy (HO,) radicals.
The photolysis of NO, yields nitric oxide (NO) and a ground-state oxygen atom, O(’P), which
then reacts with molecular oxygen to form O;. Free radicals oxidizing NO to NO, are formed
during the oxidation of VOCs (Annex AX2.2.2).

The term VOC refers to all carbon-containing gas-phase compounds in the atmosphere,
both biogenic and anthropogenic in origin, excluding CO and CO,. Classes of organic
compounds important for the photochemical formation of O, include alkanes, alkenes, aromatic
hydrocarbons, carbonyl compounds (e.g., aldehydes and ketones), alcohols, organic peroxides,
and halogenated organic compounds (e.g., alkyl halides). This array of compounds encompasses
a wide range of chemical properties and lifetimes: isoprene has an atmospheric lifetime of
approximately an hour, whereas methane has an atmospheric lifetime of about a decade.

In urban areas, compounds representing all classes of VOCs and CO are important for O,
formation. In nonurban vegetated areas, biogenic VOCs emitted from vegetation tend to be the
most important. In the remote troposphere, CH, and CO are the main carbon-containing
precursors to O, formation. CO also can play an important role in O, formation in urban areas.
The oxidation of VOC:s is initiated mainly by reaction with hydroxyl (OH) radicals. The primary
source of OH radicals in the atmosphere is the reaction of electronically excited O atoms, O('D),
with water vapor. O('D) is produced by the photolysis of O, in the Hartley bands. In polluted
areas, the photolysis of aldehydes (e.g., HCHO), nitrous acid (HONO) and hydrogen
peroxide (H,0,) can also be significant sources of OH or HO, radicals that can rapidly be
converted to OH (Eisele et al., 1997). Ozone can oxidize alkenes; and, at night, when they are

most abundant, NO, radicals also oxidize alkenes. In coastal environments and other selected



environments, atomic CI and Br radicals can also initiate the oxidation of VOCs (Annex
AX2.2.3).

There are a large number of oxidized nitrogen containing compounds in the atmosphere
including NO, NO,, NO,, HNO,, HNO,, N,O,, HNO,, PAN and its homologues, other organic
nitrates and particulate nitrate. Collectively these species are referred to as NO,. Oxidized
nitrogen compounds are emitted to the atmosphere mainly as NO which rapidly interconverts
with NO, and so NO and NO, are often “lumped” together into their own group or family,
or NO,. NO, can be oxidized to reservoir and termination species (PAN and its homologues,
organic nitrates, HNO;, HNO, and particulate nitrate). These reservoir and termination species
are referred to as NO,. The major reactions involving interconversions of oxidized nitrogen
species are discussed in Annex AX2.2.4.

The photochemical cycles by which the oxidation of hydrocarbons leads to O, production
are best understood by considering the oxidation of methane, structurally the simplest VOC.
The CH, oxidation cycle serves as a model for the chemistry of the relatively clean or unpolluted
troposphere (although this is a simplification because vegetation releases large quantities of
complex VOC:s, such as isoprene, into the atmosphere). In the polluted atmosphere, the
underlying chemical principles are the same, as discussed in Annex AX2.2.5. The conversion of
NO to NO, occurring with the oxidation of VOCs is accompanied by the production of O, and
the efficient regeneration of the OH radical, which in turn can react with other VOCs.

A schematic overview showing the major processes involved in O, production and loss in the
troposphere and stratosphere is given in Figure 2-1.

The oxidation of alkanes and alkenes in the atmosphere has been treated in depth in
1996 O; AQCD and is updated in Annexes AX2.2.6 and AX2.2.7. In contrast to simple
hydrocarbons containing one or two carbon atoms, detailed kinetic information about the gas
phase oxidation pathways of many anthropogenic hydrocarbons (e.g., aromatic compounds such
as benzene and toluene), biogenic hydrocarbons (e.g., isoprene, the monoterpenes), and their
intermediate oxidation products (e.g., epoxides, nitrates, and carbonyl compounds) is lacking.
Reaction with OH radicals represents the major loss process for alkanes. Reaction with chlorine
atoms is an additional sink for alkanes. Stable products of alkane photooxidation are known to
include carbonyl compounds, alkyl nitrates, and d-hydroxycarbonyls. Major uncertainties in the

atmospheric chemistry of the alkanes concern the chemistry of alkyl nitrate formation; these
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Figure 2-1.  Schematic overview of O, photochemistry in the stratosphere
and troposphere.

uncertainties affect the amount of NO-to-NO, conversion occurring and, hence, the amounts
of O, formed during photochemical degradation of the alkanes.

The reaction of OH radicals with aldehydes produced during the oxidation of alkanes
forms acyl (R"CO) radicals, and acyl peroxy radicals (R"C(0O)-0,) are formed by the further
addition of O,. As an example, the oxidation of ethane (C,H,-H) yields acetaldehyde
(CH;-CHO). The reaction of CH,-CHO with OH radicals yields acetyl radicals (CH;-CO).
The acetyl radicals will then participate with O, in a termolecular recombination reaction to form

acetyl peroxy radicals, which can then react with NO to form CH, + CO, or they can react with
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NO, to form PAN. PAN acts as a temporary reservoir for NO,. Upon the thermal
decomposition of PAN, either locally or elsewhere, NO, is released to participate in the O,
formation process again.

Alkenes react in ambient air with OH, NO,, and Cl radicals and with O,. All of these
reactions are important atmospheric transformation processes, and all proceed by initial addition
to the >C=C< bonds. Products of alkene photooxidation include carbonyl compounds,
hydroxynitrates and nitratocarbonyls, and decomposition products from the energy-rich
biradicals formed in alkene-O; reactions. Major uncertainties in the atmospheric chemistry of
the alkenes concern the products and mechanisms of their reactions with O, especially the yields
of free radicals that participate in O, formation. Examples of oxidation mechanisms of complex
alkanes and alkenes can be found in comprehensive texts such as Seinfeld and Pandis (1998).

The oxidation of aromatic hydrocarbons constitutes an important component of the
chemistry of O, formation in urban atmospheres (Annex AX2.2.8). Virtually all of the important
aromatic hydrocarbon precursors emitted in urban atmospheres are lost through reaction with the
hydroxyl radical. Loss rates for these compounds vary from slow (i.e., benzene) to moderate
(e.g., toluene), to very rapid (e.g., xylene and trimethylbenzene isomers). These loss rates are
very well understood at room temperature and atmospheric pressure, and numerous experiments
have been conducted that verify this. However, the mechanism for the oxidation of aromatic
hydrocarbons following reaction with OH is poorly understood, as evident from the poor mass
balance of the reaction products. The mechanism for the oxidation of toluene has been studied
most thoroughly, and there is general agreement on the initial steps in the mechanism. However,
at present there is no promising approach for resolving the remaining issues concerning the later
steps. The oxidation of aromatic hydrocarbons also leads to particle formation which could
remove gas-phase constituents that participate in O, formation. What is known of the chemistry
of secondary organic aerosol formation from gaseous precursors was summarized in the latest
PM AQCD (U.S. Environmental Protection Agency, 2004).

The reactions of oxygenated VOCs are also important components of O, formation
(Annex AX2.2.9). They may be produced either by the oxidation of hydrocarbons or they may
be present in ambient air as the result of direct emissions. For example, motor vehicles and

some industrial processes emit formaldehyde and vegetation emits methanol.
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As much as 30% of the carbon in hydrocarbons in many urban areas is in the form of
aromatic compounds. Yet, mass balance analyses performed on irradiated smog chamber
mixtures of aromatic hydrocarbons indicate that only about one-half of the carbon is in the form
of compounds that can be identified. The situation is not much better for some smaller
anthropogenic hydrocarbons. For example, only about 60% of the initial carbon can be
accounted for in the OH initiated oxidation of 1,3-butadiene. About two-thirds of the initial
carbon can be identified in product analyses of isoprene oxidation. Adequate analytical
techniques needed to identify and quantify key intermediate species are not available for many
compounds. In addition, methods to synthesize many of the suspected intermediate compounds
are not available so that laboratory studies of their reaction kinetics cannot be performed.
Similar considerations apply to the oxidation of biogenic hydrocarbons besides isoprene.

In addition to reactions occurring in the gas phase, reactions occurring on the surfaces of or
within cloud droplets and airborne particles also occur. Their collective surface area is huge,
implying that collisions with gas phase species occur on very short time scales. In addition to
hydrometeors (e.g., cloud and fog droplets and snow and ice crystals) there are also potential
reactions involving atmospheric particles of varying composition (e.g., wet [deliquesced]
inorganic particles, mineral dust, carbon chain agglomerates and organic carbon particles)
to consider. Most of the well-established multiphase reactions tend to reduce the rate of O,
formation in the polluted troposphere. Removal of HO, and NO, onto hydrated particles will
reduce the production of O,. However, the photolysis of HONO formed in reactions such as
these can increase the production of O;. The reactions of Br and Cl containing radicals
deplete O, in selected environments such as the Arctic during spring, the tropical marine
boundary layer and inland salt flats and salt lakes. Direct reactions of O, and atmospheric
particles appear to be too slow to reduce O, formation significantly at typical ambient PM levels.
In addition, the oxidation of hydrocarbons by Cl radicals could lead to the rapid formation of
peroxy radicals and higher rates of O, production in selected coastal environments. It should be
stressed that knowledge of multiphase processes is still evolving and there are still many
questions that remain to be answered as outlined in Annex AX2.2.10.

The oxidants, other than O, that are formed from the chemistry described above could
exert effects on human health and perhaps also on vegetation. Gas phase oxidants include

PAN, H,0, and CH;0O0H and other organic hydroperoxides (Annex AX2.2). In addition to
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transfer from the gas phase, oxidants can be formed by photochemical reactions occurring in
particles (Annex 2.2.10.6). However, the pathways leading to the formation of oxidants in the
particle phase are not as well understood as they are in the gas phase. However, it is to be
expected that pathways leading to the formation of gas phase oxidants and secondary organic
aerosols are linked to some degree. In addition, the reaction of O, with isoprene and other
biogenic hydrocarbons may also form oxidants in particles.

Reactions of O, with monoterpenes have been shown to produce oxidants in the aerosol
phase. Docherty et al. (2005) found evidence for the substantial production of organic
hydroperoxides in secondary organic aerosol (SOA) resulting from the reaction of monoterpenes
with O;. Analysis of the SOA formed in their environmental chamber indicated that the SOA
was mainly organic hydroperoxides. In particular, they obtained yields of 47% and 85% of
organic peroxides from the oxidation of «- and B-pinene. The hydroperoxides then react with
aldehydes in particles to form peroxyhemiacetals, which can either rearrange to form other
compounds such as alcohols and acids or revert back to the hydroperoxides. The aldehydes are
also produced in large measure during the ozonolysis of the monoterpenes. Monoterpenes also
react with OH radicals resulting, however, in the production of more lower molecular weight
products than in their reaction with O;. Bonn et al. (2004) estimated that hydroperoxides lead to
63% of global SOA formation from the oxidation of terpenes. The oxidation of anthropogenic
aromatic hydrocarbons by OH radicals may also produce organic hydroperoxides in SOA
(Johnson et al., 2004). Although the results of chamber and modeling studies indicate
substantial production of organic hydroperoxides, it should be noted that data for organic
hydroperoxides in ambient aerosol samples are sparse.

Ozone chemical reactions that occur indoors are analogous to those occurring in ambient
air. In the indoor environment, O, reacts with unsaturated VOCs, primarily terpenes or terpene!
related compounds from cleaning products, air fresheners, and wood products. The reactions are
dependent on the O, indoor concentration, the indoor temperature and, in most cases, the air
exchange rate/ventilation rate. Some of the reaction products may more negatively impact
human health and artifacts in the indoor environment than their precursors (Wolkoff et al., 1999;
Wilkins et al., 2001; Weschler et al., 1992; Weschler and Shields, 1997; Rohr et al., 2002;
Ngjgaard et al., 2005). Primary reaction products are Criegee biradicals, nitrate radicals,

and peroxyacetyl radicals. Secondary reaction products are hydroxy, alkyl, alkylperoxy,
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hydroperoxy, and alkoxy radicals. Reactions with alkenes can produce aldehydes, ketones,

and organic acids (Weschler and Shields, 2000; Weschler et al., 1992).

2.3 METEOROLOGICAL PROCESSES AFFECTING OZONE

Since the 1996 O; AQCD, substantial new information about transport processes has
become available from numerical models, field experiments and satellite-based observations.
Ozone is produced naturally by photochemical reactions in the stratosphere, as shown in Figure
2-1. Some of this O; is transported downward into the troposphere throughout the year, with
maximum contributions during late winter and early spring mainly in a process known as
tropopause folding. Figure 2-2a shows a synoptic situation associated with a tropopause folding
event. A vertical cross section taken through the atmosphere from a to a’ is shown in Figure
2-2b. In this figure, the tropopause fold is shown folding downward above and slightly behind
the surface cold front, bringing stratospheric air with it. Although the tropopause is drawn with
a solid line, it should not be taken to mean that it is a material surface through which there is no
exchange. Rather these folds should be thought of as regions in which mixing of tropospheric
and stratospheric air is occurring (Shapiro, 1980). This imported stratospheric air contributes to
the natural background of O, in the troposphere, especially in the free troposphere. It should be
noted that there is considerable uncertainty in the magnitude and distribution of this potentially
important source of tropospheric O,. Stratospheric intrusions that reach the surface are rare.
Much more common are intrusions which penetrate only to the middle and upper troposphere.
However, O, transported to the upper and middle troposphere can still affect surface
concentrations through various exchange mechanisms that mix air from the free troposphere
with air in the planetary boundary layer. Substantial photochemical production of O in the
troposphere also begins in late winter and early spring; therefore, it cannot be assumed that O,
present at these times is only stratospheric in origin. The basic atmospheric dynamics and
thermodynamics of stratospheric-tropospheric exchange are outlined in Annex AX2.3.1.

Our understanding of the meterological processes associated with summertime O, episodes
remains basically the same as outlined in the 1996 O; AQCD. Major episodes of high O,
concentrations in the eastern United States and in Europe are associated with slow moving, high

pressure systems. High pressure systems during the warmer seasons are associated with the
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sinking of air, resulting in warm, generally cloudless skies, with light winds. The sinking of air
results in the development of stable conditions near the surface which inhibit or reduce the
vertical mixing of O, precursors. The combination of inhibited vertical mixing and light winds
minimizes the dispersal of pollutants emitted in urban areas, allowing their concentrations to
build up. Photochemical activity involving these precursors is enhanced because of higher
temperatures and the availability of sunlight. In the eastern United States, high O,
concentrations during a large scale episode can extend over hundreds of thousands of square
kilometers for several days. These conditions have been described in greater detail in the
1996 O; AQCD. The transport of pollutants downwind of major urban centers is characterized
by the development of urban plumes. However, the presence of mountain barriers limits mixing
(as in Los Angeles and Mexico City) and results in a higher frequency and duration of days with
high O, concentrations. Ozone concentrations in southern urban areas (such as Houston, TX and
Atlanta, GA) tend to decrease with increasing wind speed. In northern cities (such as Chicago,
IL; New York, NY; Boston, MA; and Portland, ME), the average O, concentrations over the
metropolitan areas increase with wind speed, indicating that transport of O, and its precursors
from upwind areas is important (Husar and Renard, 1998; Schichtel and Husar, 2001).

Ozone and other secondary pollutants are determined by meteorological and chemical
processes extending typically over spatial scales of several hundred kilometers (e.g., Civerolo
et al., 2003; Rao et al., 2003). An analysis of the output of regional model studies conducted by
Kasibhatla and Chameides (2000) suggests that O, can be transported over a few thousand
kilometers in the upper boundary layer of the eastern half of the United States during some O,
episodes. Convection is capable of transporting O, and its precursors vertically through the
troposphere, as shown in Annex AX2.3.2. Nocturnal low level jets (LLJs) can also transport
pollutants hundreds of kilometers (Annex AX2.3.3). Schematic diagrams showing the
atmospheric conditions during the formation of LLJs and the regions in which they are most
prevalent are given in Figures 2-3 and 2-4. Such LLIJs have also been observed off the coast of
California. Turbulence associated with LLJs can bring these pollutants to the surface and result
in secondary O, maxima during the early morning in many locations (Corsmeier et al., 1997).

Aircraft observations indicate that there can be substantial differences in mixing ratios of
key species between the surface and the atmosphere above (Fehsenfeld et al., 1996; Berkowitz

and Shaw, 1997). In particular, mixing ratios of O, can be higher in the lower free troposphere
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surface layer): a turbulent mixed layer; a less turbulent residual layer which
contains former mixed layer air; and a nocturnal, stable boundary layer
that is characterized by periods of sporadic turbulence.

Source: Adapted from Figures 1.7 and 1.12 of Stull (1999).

(aloft) than in the planetary boundary layer (PBL) during multiday O, episodes (Taubmann et al.,
2004, 2005). These conditions are illustrated schematically in Figure 2-5. Convective processes
and small scale turbulence transport O, and other pollutants both upward and downward
throughout the planetary boundary layer and the free troposphere. Ozone and its precursors can
be transported vertically by convection into the upper part of the mixed layer on one day, then
transported overnight as a layer of elevated mixing ratios, and then entrained into a growing
convective boundary layer downwind and brought back down to the surface. High O,
concentrations showing large diurnal variations at the surface in southern New England were
associated with the presence of such layers (Berkowitz et al., 1998). Because of wind shear,
winds several hundred meters above the ground can bring pollutants from the west, even though
surface winds are from the southwest during periods of high O; in the eastern United States
(Blumenthal et al., 1997). These considerations suggest that, in many areas of the United States,

O, formation involves processes occurring over hundreds if not thousands of square kilometers.
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Figure 2-4. Locations of low level jet occurrences in decreasing order of prevalence
(most frequent, common, observed). These locations are based on 2-years
radiosonde data obtained over limited areas. With better data coverage,
other low level jets may well be observed elsewhere in the United States.

Source: Bonner (1968).

Although the vast majority of measurements are made near the Earth’s surface, there is
substantial photochemistry and transport of O, occurring above the boundary layer in the free
troposphere. In the free troposphere, pollutants are chemically more stable and can be
transported over much longer distances and O, is produced more efficiently than in the planetary
boundary layer. Results from the Atmosphere/Ocean Chemistry Experiment (AEROCE)
indicated that springtime maxima for surface O, over the western North Atlantic Ocean result
from tropopause folding in close proximity to convective clouds (Annex AX2.3.4). The
convection lifts O, and its precursors to the free troposphere where they mix with O, from the
stratosphere and the mixture is transported eastward. Results from the North Atlantic Regional
Experiment (Annex AX2.3.4) indicate that summertime air is transported along the East Coast
northeastward and upward ahead of cold fronts. New England and the Maritime Provinces of

Canada receive substantial amounts of O, and other pollutants through this mechanism.
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Figure 2-5. Conceptual two-reservoir model showing conditions in the planetary
boundary layer (PBL) and in the lower free troposphere during a multiday O,
episode. The dotted line represents the top of PBL. Emissions occur in the
PBL, where small, unmixed black carbon, sulfate, and crustal particles in the
PM, ; size range are also shown. Ozone concentrations as well as potential
temperature (0) and actinic flux are lower in the PBL than in the lower free
troposphere, while relative humidity and the Angstrom exponent for
aerosol scattering («) are higher. Larger, internally mixed sulfate and
carbonaceous particles (still in the PM, ; size range) and more O, exist in the
lower free troposphere.

Source: Taubman et al. (2004, 2005).

Pollutants transported in this way can then be entrained in stronger and more stable westerly
winds aloft and can travel across the North Atlantic Ocean. The pollutants can then be brought
to the surface by subsidence in high pressure systems (typically behind the cold front in advance
of the one mentioned above). Thus, pollutants from North America can be brought down either
over the North Atlantic Ocean or in Europe. Pollutants can be transported across the North
Pacific Ocean from Asia to North America in a similar way. Behind an advancing cold front,

cold and dry stratospheric air is also being transported downward and southward. Stratospheric
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constituents and tropospheric constituents can then mix by small-scale turbulent exchange
processes. The results of these studies suggest that the mechanisms involved in the long-range
transport of O and its precursors are closely tied to the processes involved in stratospheric(’]
tropospheric exchange. Land-sea breezes affect the concentration and dispersal of pollutants in
coastal zone cities (Annex AX2.5).

The local rate of O, formation depends on atmospheric conditions such as the availability
of solar ultraviolet radiation capable of initiating photolysis reactions, air temperatures and the
concentrations of chemical precursors (Annex AX2.3.6). The dependence of daily maximum
8-h O, concentrations on daily maximum temperature is illustrated in Figure 2-6 for the
Baltimore, MD area. As can be seen, O, concentrations tend to increase with temperature
(r=0.74). However, this trend is absent in data from Phoenix, AZ as can be seen in Figure 2-7
(r=10.14). These figures show that relations of O, to precursor variables are location-specific
and relations observed in one area cannot be readily extrapolated to another. Factors that may be

responsible for the differences in O, behavior in the two areas are discussed in Section AX2.3.6.
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Figure 2-6. A scatter plot of daily maximum 8-h average O, concentrations versus daily
maximum temperature for May through September 1994 to 2004 in the
Baltimore, MD Air Quality Forecast Area.

Source: Piety (2005).
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Figure 2-7. A scatter plot of daily maximum 8-h average O, concentrations versus daily
maximum temperature for May through September 1996 to 2004 at sites
downwind of Phoenix, AZ.

Source: Piety (2005).

2.4 RELATIONS OF OZONE TO ITS PRECURSORS

Rather than varying directly with emissions of its precursors, O, changes in a nonlinear
fashion with the concentrations of its precursors (Annex AX2.4). At the low NO, concentrations
found in most environments, ranging from remote continental areas to rural and suburban areas
downwind of urban centers (low - NO, regime), the net production of O, increases with
increasing NO,. At the high NO, concentrations found in downtown metropolitan areas,
especially near busy streets and roadways and in power plant plumes, there is scavenging
(titration) of O; by reaction with NO (high - NO, regime). In between these two regimes, there is
a transition stage in which O, shows only a weak dependence on NO, concentrations. In the
high - NO, regime, NO, scavenges OH radicals which would otherwise oxidize VOCs to
produce peroxy radicals, which in turn would oxidize NO to NO,. In this regime, O, production
is limited by the availability of free radicals. The production of free radicals is in turn limited by

the availability of solar UV radiation capable of photolyzing O, (in the Hartley bands) or
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aldehydes and/or by the abundance of VOCs whose oxidation produce more radicals than they
consume. In the low-NO, regime, the overall effect of the oxidation of VOCs is to generate

(or at least not consume) free radicals, and O, production varies directly with NO,. There are a
number of ways to refer to the chemistry in these two chemical regimes. Sometimes the terms
VOC-limited and NO,-limited are used. However, there are difficulties with this usage because
(1) VOC measurements are not as abundant as they are for nitrogen oxides, (2) rate coefficients
for reaction of individual VOCs with free radicals vary over an extremely wide range, and

(3) consideration is not given to CO nor to reactions that can produce free radicals without
involving VOCs. The terms NO,-limited and NO,-saturated (e.g., Jaeglé et al., 2001) will be
used wherever possible to more adequately describe these two regimes. However, the
terminology used in original articles will also be used here.

The chemistry of OH radicals, which are responsible for initiating the oxidation of
hydrocarbons, shows behavior similar to that for O, with respect to NO, concentrations
(Hameed et al., 1979; Pinto et al., 1993; Poppe et al., 1993; Zimmerman and Poppe, 1993).
These considerations introduce a high degree of uncertainty into attempts to relate changes in O,
concentrations to emissions of precursors. There are no definitive rules governing the levels
of NO, at which the transition from NO,-limited to NO,-saturated conditions occurs. The
transition between these two regimes is highly spatially and temporally dependent and depends
also on the nature and abundance of the hydrocarbons that are present.

Trainer et al. (1993) and Olszyna et al. (1994) have shown that O, and NO, are highly
correlated in rural areas in the eastern United States. Trainer et al. (1993) also showed that O,
levels correlate even better with NO, than with NO,, as may be expected because NO, represents
the amount of NO, that has been oxidized, forming O, in the process. NO, is equal to the
difference between measured total reactive nitrogen (NO,) and NO, and represents the summed
products of the oxidation of NO,. NO, is composed mainly of HNO,, PAN and other organic
nitrates, particulate nitrate, and HNO,.

Trainer et al. (1993) also suggested that the slope of the regression line between O,
and NO, can be used to estimate the rate of O, production per NO, oxidized (also known as
the O, production efficiency, or OPE). Ryerson et al. (1998, 2001) used measured correlations
between O, and NO, to identify different rates of O, production in plumes from large point

sources. A number of studies in the planetary boundary layer over the continental United States
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have found that the OPE ranges typically from one to nearly ten. However, it may be higher in
the upper troposhere and in certain areas, such as the Houston-Galveston area. Observations
indicate that the OPE depends mainly on the abundance of NO,.

Various techniques have been proposed to use ambient NO, and VOC measurements to
derive information about the dependence of O, production on their concentrations. For example,
it has been suggested that O, formation in individual urban areas could be understood in terms of
measurements of ambient NO, and VOC concentrations during the early morning (e.g., National
Research Council, 1991). In this approach, the ratio of summed (unweighted) VOC to NO, is
used to determine whether conditions were NO,-limited or VOC limited. This procedure is
inadequate because it omits many factors that are important for O, production such as the impact
of biogenic VOCs (which are typically not present in urban centers during early morning);
important differences in the ability of individual VOCs to generate free radicals (rather than just
total VOC) and other differences in O, forming potential for individual VOCs (Carter, 1995);
and changes in the VOC to NO, ratio due to photochemical reactions and deposition as air
moves downwind from urban areas (Milford et al., 1994).

Photochemical production of O, generally occurs simultaneously with the production of
various other species such as nitric acid (HNO,), organic nitrates, and other oxidants such as
hydrogen peroxide. The relative rate of production of O, and other species varies depending on
photochemical conditions, and can be used to provide information about O,-precursor
sensitivity. Sillman (1995) and Sillman and He (2002) identified several secondary reaction
products that show different correlation patterns for NO,-limited and NO,-saturated conditions.
The most important correlations are for O, versus NO,, O, versus NO,, O, versus HNO,,
and H,O, versus HNO,. The correlations between O; and NO,, and O; and NO, are especially
important because measurements of NO, and NO, are more widely available than for VOCs.
Measured O, versus NO, (Figure 2-8) shows distinctly different patterns in different locations.
In rural areas and in urban areas such as Nashville, TN, O, is highly correlated with NO,,.

By contrast, in Los Angeles, CA, O, is not as highly correlated with NO,, and the rate of increase
of O, with NO, is lower and the O, concentrations for a given NO, value are generally lower.
The different O, versus NO, relations in Nashville, TN and Los Angeles, CA reflects the
difference between NO,-limited conditions in Nashville versus an approach to NO,- saturated

conditions in Los Angeles.
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Figure 2-8. Measured values of O; and NO, (NO, — NO,) during the afternoon at rural
sites in the eastern United States (grey circles) and in urban areas and urban
plumes associated with Nashville, TN (gray dashes); Paris, France (black
diamonds); and Los Angeles CA (X5s).

Sources: Trainer et al. (1993), Sillman et al. (1997, 1998), Sillman and He (2002).

The difference between NO,-limited and NO,-saturated regimes is also reflected in
measurements of hydrogen peroxide (H,0,). Hydrogen peroxide production is highly sensitive
to the abundance of free radicals and is thus favored in the NO,-limited regime. Measurements
in the rural eastern United States (Jacob et al., 1995), Nashville, TN (Sillman et al., 1998), and
Los Angeles, CA (Sakugawa and Kaplan, 1989), show large differences in H,O, concentrations
between likely NO,-limited and NO,-saturated locations.

2.5 THE ROLE OF CHEMISTRY-TRANSPORT MODELS IN
UNDERSTANDING ATMOSPHERIC OZONE

Chemistry-transport models (CTMs) are used to improve understanding of atmospheric
chemical processes and to develop control strategies (Annex AX2.5). The main components of a
CTM are summarized in Figure 2-9. Models such as the CMAQ (Community Model for Air
Quality) system incorporate numerical algorithms describing the processes shown in Figure 2-9.

Also shown in Figure 2-9 is the meteorological model used to provide the inputs for calculating
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Figure 2-9. Main components of a comprehensive atmospheric chemistry modeling
system, such as Models-3.

the transport of species in the CTM. Meteorological models, such as MMS5, which supply these
inputs to the CTMs mentioned above, also provide daily weather forecasts. The domains of
these models extend typically over areas of millions of square kilometers.

Because these models are computationally intensive, it is often impractical to run them
over larger domains without sacrificing some features. For these reasons, both the
meteorological model and the CTM rely on boundary conditions that allow processes occurring
outside the model domain to influence their predictions. The entire system, consisting of
meteorological model, emissions processor, and output processors shown in Figure 2-9

constitutes the framework of EPA’s Models-3.
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Because of the large number of chemical species and reactions that are involved in the
oxidation of realistic mixtures of anthropogenic and biogenic hydrocarbons, condensed
mechanisms must be used in atmospheric models. These mechanisms are tested by comparison
with smog chamber data. However, the existing chemical mechanisms often neglect many
important processes such as the formation and subsequent reactions of long-lived carbonyl
compounds, the incorporation of the most recent information about intermediate compounds, and
heterogeneous reactions involving cloud droplets and aerosol particles.

Emissions inventories are compiled for O, precursors ( NO,, VOCs, and CO). Recent
estimates and more detailed discussions of the estimates are given in Annex AX2.5.2.
Anthropogenic NO, emissions are associated with combustion processes. Most emissions are in
the form of NO, which is formed at high combustion temperatures from atmospheric nitrogen
and oxygen and from fuel nitrogen. The two largest sources of NO, are electric power
generation plants and motor vehicles. Emissions of NO, therefore are highest in areas having a
high density of power plants and in urban regions having high traffic density. Natural NO,
sources include stratospheric intrusions, lightning, soils, and wildfires. Lightning, fertilized
soils, and wildfires are the major natural sources of NO, in the United States. Both nitrifying
and denitrifying organisms in the soil can produce NO,, mainly in the form of NO. Emission
rates depend mainly on fertilization levels and soil temperature and moisture. Spatial and
temporal variability in soil NO, emissions leads to considerable uncertainty in emissions
estimates. Nationwide, about 60% of lightning generated NO, occurs in the southern
United States and about 60% the total NO, emitted by soils occurs in the central corn belt of
the United States. The oxidation of NH; emitted mainly by livestock and soils, leads to the
formation of a small amount of NO. Uncertainties in natural NO, inventories are much larger
than for anthropogenic NO, emissions.

Hundreds of VOCs, containing mainly two to about twelve carbon atoms, are emitted by
evaporation and combustion processes from a large number of anthropogenic sources. The two
largest anthropogenic source categories in the U.S. EPA’s emissions inventories are industrial
processes and transportation. Emissions of VOCs from highway vehicles account for roughly
two-thirds of the transportation-related emissions.

The accuracy of VOC emission estimates is difficult to determine, both for stationary and

mobile sources. Evaporative emissions, which depend on temperature and other environmental
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factors, compound the difficulties of assigning accurate emission factors. In assigning VOC
emission estimates to the mobile source category, models are used that incorporate numerous
input parameters (e.g., type of fuel used, type of emission controls, age of vehicle), each of
which has some degree of uncertainty. Data for the ratio of CO to NO, and NMHC to NO, in
traffic tunnels (e.g., Pierson et al., 1990) indicated that emissions of NMHCs and CO from motor
vehicles have been underestimated by as much as a factor of two (based on the assumption that
emissions of NO, were reasonably well represented in the inventories). However, the results of
more recent studies have been mixed, with many studies showing agreement to within £50%, as
summarized in Air Quality Criteria for Carbon Monoxide (U.S. Environmental Protection
Agency, 2000). Remote sensing data (Stedman et al., 1991) indicate that about 50% of NMHC
and CO emissions are produced by about 10% of the vehicles. These “super-emitters” are
typically poorly maintained. Vehicles of any age engaged in off-cycle operations (e.g., rapid
accelerations) emit much more than if operated in normal driving modes.

Vegetation emits significant quantities of VOCs, such as terpenoid compounds (isoprene,
2-methyl-3-buten-2-ol, monoterpenes), compounds in the hexanal family, alkenes, aldehydes,
organic acids, alcohols, ketones, and alkanes. The major chemicals emitted by plants are
isoprene (35%), 19 other terpenoid compounds and 17 non-terpenoid compounds including
oxygenated compounds (40%) (Guenther et al., 2000). Coniferous forests represent the largest
source on a nationwide basis, because of their extensive land coverage. Most biogenic emissions
occur during the summer, because of their dependence on temperature and incident sunlight.
Biogenic emissions are also higher in southern states than in northern states for these reasons and
because of species variations. The uncertainty in natural emissions is about 50% for isoprene
under midday summer conditions and could be as much as a factor of ten higher for some
compounds (Guenther et al., 2000). Uncertainties in both biogenic and anthropogenic VOC
emission inventories prevent determination of the relative contributions of these two categories
at least in many urban areas. On the regional and global scales, emissions of VOCs from
vegetation are much larger than those from anthropogenic sources.

The performance of CTMs must be evaluated by comparison with field data as part of a
cycle of model evaluations and subsequent improvements. Evaluations of the CMAQ are given
in Arnold et al. (2003) and Fuentes and Raftery (2005). Discrepancies between model

predictions and observations can be used to point out gaps in current understanding of
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atmospheric chemistry and to spur improvements in parameterizations of atmospheric chemical
and physical processes. Model evaluation does not merely involve a straightforward comparison
between model predictions and the concentration field of the pollutant of interest. Such
comparisons may not be meaningful because it is difficult to determine if agreement between
model predictions and observations truly represents an accurate treatment of physical and
chemical processes in the CTM or the effects of compensating errors in complex model routines.
Ideally, each of the model components (emissions inventories, chemical mechanism,
meteorological driver) should be evaluated individually. However, this is rarely done in
practice. A comparison between free radical concentrations predicted by parameterized
chemical mechanisms and observations suggests that radical concentrations were overestimated
by current chemical mechanisms for NO, concentrations <~5 ppb (Volz-Thomas et al., 2003).

In addition to comparisons between concentrations of calculated and measured species,
comparisons of correlations between measured primary VOCs and NO, and modeled VOCs
and NO, are especially useful for evaluating results from chemistry-transport models. Likewise,
comparisons of correlations between measured species and modeled species can be used to
provide information about the chemical state of the atmosphere and to evaluate model
representations (including O, production per NO,, O;-NO,-VOC sensitivity, and the general
accuracy of photochemical representations). A CTM that demonstrates the accuracy of both its
computed VOC and NO, in comparison with ambient measurements and the spatial and temporal
relations among the critical secondary species associated with O, has a higher probability of

representing O;-precursor relations correctly than one that does not.

2.6 TECHNIQUES FOR MEASURING OZONE AND ITS PRECURSORS

Several techniques have been developed for sampling and measurement of O, in the
ambient atmosphere at ground level. Although the chemiluminescence method (CLM) using
ethylene is designated as the Federal Reference Method (FRM) for measuring O, monitoring in
the NAMS/SLAMS networks is conducted mainly with UV absorption spectrometry using
commercial short path instruments. The primary reference standard instrument is a relatively
long-path UV absorption spectrometer maintained under carefully controlled conditions at NIST

(e.g., Fried and Hodgeson, 1982). Episodic measurements are made with a variety of other
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techniques based on the principles of chemiluminescence, electrochemistry, differential optical
absorption spectroscopy (DOAS), and LIDAR.

In principle, each of these methods is subject to interference. Kleindienst et al. (1993)
found that water vapor could cause a positive interference in the CLM with an average positive
deviation of 3% ozone/% water vapor at 25 °C. However, they also noted that water vapor could
cause positive interferences of up to 9% at high humidities (dew point of 24 °C). The UV
absorption spectrometers are subject to positive interference by atmospheric constituents, such as
certain aromatic aldehydes that absorb at the 253.7 nm Hg resonance line and are at least
partially removed by the MnO, scrubber. Parrish and Fehsenfeld (2000) did not find any
evidence for significant interference (>1%) in flights through the Nashville urban plume. The
same group tested the air of Houston, El Paso, Nashville, Los Angeles, San Francisco and the
East Coast. They observed only one instance of substantive positive interference defined as the
UV absorption technique showing more than a few ppb more than the CLM. This occurred in
Laporte, TX under heavily polluted conditions and a low inversion, at night (Jobson et al., 2004).
Leston et al. (2005) observed interference of from 20 to 40 ppb in Mexico City and in a separate
smog chamber study. However, the concentrations of relevant compounds were many times
higher than found in U.S. urban areas. Thus, it is not likely that such interference could be more
than a few ppb under typical ambient conditions. However, Leston et al. (2005) suggested that
the use of other materials in the scrubber could have eliminated the interference seen in their
smog chamber study.

By far, most measurements of NO are made using the CLM, based on its reaction with O;.
Commercial instruments for measuring NO and NO, are constructed with an internal converter
for reducing NO, to NO and then measuring NO by the CLM. In principle, this technique yields
a measurement of NO, with NO, found by difference between NO, and NO; but, these
converters also reduce NO, compounds thereby introducing a positive interference in the
measurement of NO,. Other methods for measuring NO, are available, such as photolytic
reduction followed by CLM, laser-induced fluorescence and DOAS. However, they require
further development before they can be used for routine monitoring in the NAMS/SLAMS
networks. More detailed descriptions of the issues and techniques discussed above and

techniques for measuring HNO, and VOCs can be found in Annex AX2.6.
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2.7 SUMMARY

Ozone is formed by atmospheric reactions involving two classes of precursor compounds,
volatile organic compounds (VOCs) and nitrogen oxides (NO,). Ozone is thus a secondary
pollutant. Ozone is ubiquitous throughout the atmosphere; it is present even in remote areas of
the globe. The photochemical oxidation of almost all anthropogenic and biogenic VOCs is
initiated by reaction with hydroxyl (OH) radicals. At night, when they are most abundant, NO,
radicals also oxidize alkenes. In coastal and other select environments, CI and Br radicals can
also initiate the oxidation of VOC:s.

In urban areas, basically all classes of VOCs (alkanes, alkenes, aromatic hydrocarbons,
carbonyl compounds, etc.) and CO are important for O, formation. Although knowledge of the
oxidative mechanisms of VOCs has improved over the past several years, gaps in knowledge
involving key classes, such as aromatic hydrocarbons, still remain. For example, only about half
of the carbon initially present in aromatic hydrocarbons in smog chamber studies form
compounds that have been identified.

In addition to gas phase reactions, reactions also occur on the surfaces of, or within cloud
droplets and airborne particles. Most of the well-established multiphase reactions tend to reduce
the rate of O, formation in polluted environments. Reactions of ClI and Br containing radicals
deplete O, in selected environments such as the Arctic during spring, the tropical marine
boundary layer and inland salt lakes. Direct reactions of O, with atmospheric particles appear to
be too slow to reduce O, formation significantly at typical ambient PM levels.

Our basic understanding of the meteorological processes associated with summertime O,
episodes has not changed over the past several years. However, the realization that long-range
transport processes are important for determining O, concentrations at the surface is growing.

In addition to synoptic scale flow fields, nocturnal low-level jets are capable of transporting
pollutants hundreds of km from their sources in either the upper boundary layer or the lower free
troposphere. Turbulence then brings O, and other pollutants to the surface. On larger scales,
important progress has been made in identifying the mechanisms of intercontinental transport

of O, and other pollutants.

Some O, would be found near the earth’s surface as the result of its downward transport
from the stratosphere, even in the absence of photochemical reactions in the troposphere.

Intrusions of stratospheric O, that reach the surface are rare. Much more common are intrusions
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that penetrate to the middle and upper troposphere. However, O, transported to the middle and
upper troposphere can still affect surface concentrations through various mechanisms that mix
air between the planetary boundary layer and the free troposphere above.

The formation of O, and associated compounds is a complex, nonlinear function of many
factors, including the intensity and spectral distribution of sunlight; atmospheric mixing and
other atmospheric processes; and the concentrations of the precursors in ambient air. At lower
NO, concentrations found in most environments, ranging from remote continental areas to rural
and suburban areas downwind of urban centers, the net production of O, increases with
increasing NO,. At higher concentrations found in downtown metropolitan areas, especially
near busy streets and highways and in power plant plumes, there is net destruction of O, by
reaction with NO. In between these two regimes, there is a transition stage in which O,
production shows only a weak dependence on NO, concentrations. The efficiency of O,
production per NO, oxidized is generally highest in areas where NO, concentrations are lowest
and decrease with increasing NO, concentration.

Chemistry transport models are used to improve understanding of atmospheric chemical
and physical processes as well as to develop air pollution control strategies. The performance of
these models must be evaluated by comparison with field data as part of a cycle of model
evaluations and subsequent improvements. Discrepancies between model predictions and
observations can be used to point out gaps in current understanding and thus to improve
parameterizations of atmospheric chemical and physical processes. Model evaluation does not
merely involve a straightforward comparison between model predictions and the concentration
fields of a pollutant of interest (e.g., O;). Such comparisons may not be meaningful because it is
difficult to determine if agreement between measurements and model predictions truly represents
an accurate treatment of physical and chemical processes in the model or the effects of
compensating errors in model routines.

The main methods currently in use for routine monitoring of ambient O, are based on
chemiluminescence or UV absorption. Measurements at most ambient monitoring sites are
based on UV absorption. Both of these methods are subject to interference by other atmospheric
components. One study found large positive interference in Mexico City and in a smog
chamber, but a few studies conducted in urban plumes did not find significant positive

interference in the UV absorption technique. Sufficient new information is not available to
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amend estimates of the accuracy and precision of O, monitors. Such a reevaluation requires
studies of the simultaneous effects of a number of potential interferants including water vapor,

organic compounds, and temperature on the UV photometric and chemiluminescent methods.
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3. ENVIRONMENTAL CONCENTRATIONS,
PATTERNS, AND EXPOSURE ESTIMATES

3.1 INTRODUCTION
Identification and Use of Existing Air Quality Data

Topics discussed in this chapter include the characterization of ambient air quality data for
ozone (O,), the uses of these data in assessing the exposure of vegetation to O,, concentrations
of O, in microenvironments, and a discussion of the currently available human exposure data and
exposure model development. The information contained in this chapter pertaining to ambient
concentrations is taken primarily from the U.S. Environmental Protection Agency (EPA)

Air Quality System (AQS; formerly the AIRS database). The AQS contains readily accessible
detailed, hourly data that has been subject to EPA quality control and assurance procedures.
Data available in AQS were collected from 1979 to 2001. As discussed in the 1996 O, Air
Quality Criteria Document or AQCD (U.S. Environmental Protection Agency, 1996), the data
available prior to 1979 may be unreliable due to calibration problems and other uncertainties.

As noted in the 1996 O; AQCD (U.S. Environmental Protection Agency, 1996), O, is the
only photochemical oxidant other than nitrogen dioxide (NQO,) that is routinely monitored and
for which a comprehensive database exists. Data for peroxyacetyl nitrate (PAN), hydrogen
peroxide (H,0,), and other oxidants either in the gas phase or particle phase typically have been
obtained only as part of special field studies. Consequently, no data on nationwide patterns of
occurrence are available for these non-O, oxidants; nor are extensive data available on the
relationships of levels and patterns of these oxidants to those of O;. However, available data for

gas phase and particle phase oxidants are discussed in this chapter.

Characterizing Ambient Ozone Concentrations

The “concentration” of a specific air pollutant is typically defined as the amount (mass)
of that material per unit volume of air. However, most of the data presented in this chapter are
expressed as “mixing ratios” in terms of a volume-to-volume ratio (parts per million [ppm] or

parts per billion [ppb]). Data expressed this way are often referred to as concentrations, both in
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the literature and in the text, following common usage. Human exposures are expressed in units
of mixing ratio times time.

Several different air quality metrics have been suggested for evaluating exposures of
vegetation to O,. The peak-weighted, cumulative exposure indicators used in this chapter for
characterizing vegetation exposures are SUM06 and SUMOS (the sums of all hourly average
concentrations >0.06 and 0.08 ppm, respectively) and W126 (the sum of the hourly average
concentrations that have been weighted according to a sigmoid function that is based on a
hypothetical vegetation response [see Lefohn and Runeckles, 1987]). Further discussion of these
exposure indices is presented in Chapter 9.

The EPA has established “ozone seasons” during which measurement of ambient O,
concentrations for different locations within the United States and the U.S. territories is required
(CFR, 2000). Table AX3-1 shows the O, seasons during which continuous, hourly averaged O,
concentrations must be monitored. Monitoring is optional outside of these O, seasons and
indeed is conducted during the winter in a number of areas.

Data for O, in ambient air across the United States are summarized in Section 3.2. The
data are summarized for urban, rural, and relatively remote sites. Relatively remote monitoring
sites (RRMS) are sites that are not strongly influenced by nearby pollution sources and are
located mainly in national parks in the West. However, this does not mean that they are free of
the effects of regional or local pollution, especially during tourist seasons. Data for the spatial
variability of O, within urban areas are summarized in Section 3.3. Data for the diurnal and
seasonal variability of O, concentrations are given in Section 3.4. The long term temporal
variability of O, concentrations is discussed in Section 3.5. Relationships among O, and other
species are discussed in Section 3.6. Information about the occurrence of other oxidants and
their relationship to O, is given in this section. A discussion of Policy Relevant Background
(PRB) O, concentrations is presented in Section 3.7. PRB O concentrations are background O,
concentrations that would be observed in the U.S. in the absence of anthropogenic emissions
of O, precursors in the U.S., Canada, and Mexico. Background levels so defined help facilitate
the distinction between pollution levels that can be controlled by U.S. regulations (or through
international agreements with neighboring countries) from levels that are generally

uncontrollable by the U.S. Indoor sources and emissions of O, are discussed in Section 3.8.
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Issues related to evaluating human exposure to O, are summarized in Section 3.9. Finally,

a summary of key points in Chapter 3 is given in Section 3.10.

3.2 AMBIENT AIR QUALITY DATA FOR OZONE

Ozone Air Quality at Urban, Suburban, and Nonurban Sites

Figure 3-1 shows the mean daily maximum 8-h O, concentrations, and Figure 3-2 shows
the 95th percentile values of the daily maximum 8-h O, concentrations, based on countywide
site-wise averages across the United States from May to September 2000 to 2004. The period
from May to September was chosen because, although O, is monitored for different lengths of
time across the country, all O, monitors should be operational during these months. Data
flagged because of quality control issues were removed with concurrence of the local monitoring
agency. Only days with data for 18 of 24 hours were kept, and a minimum of 115 of 153 days
were required in each year. Cut points for the tertile distributions on each map were chosen at
the median and 95th percentile values. These cut points were chosen because they represent
standard metrics for characterizing important aspects of human exposure used by the EPA. Any
other percentiles or statistics that are believed to be helpful for characterizing human exposures
could also be used. Blank areas on the maps indicate no data coverage. It should be noted that
county areas can be much larger in the West than in the East, but monitors are not spread evenly
within a county. As a result, the assigned concentration range might not represent conditions
throughout a particular county and, so, large areas in western counties where there are no
monitors were blanked out.

As shown in Figure 3-1, the median of the countywide, mean daily maximum 8-h O,
concentration across the United States is 49 ppb, and 5% of these site-wise means exceeded
57 ppb. Though the median and 95th percentile values are fairly close, these results cannot be
taken to imply that average O, concentrations lie in a relatively narrow range throughout the
United States, because data coverage is not as complete in the West as it is in the East. High
mean daily maximum 8-h O, concentrations are found in California and states in the Southwest
as well as in several counties in the East. As shown in Figure 3-2, the nationwide median of the
countywide, 95th percentile value of the daily maximum 8-h O, concentration is 73 ppb and 5%

of these values are above 85 ppb. High values for the 95th percentiles are found in California,
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Seasonal (May-September) Mean of Daily Maximum 8-Hour Values, 2002-2004
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Figure 3-1. Countywide mean daily maximum 8-h O; concentrations, May to September
2000 to 2004.

Source: Fitz-Simons et al. (2005).

Texas, and some counties in the East, but not necessarily in the same counties in the East as
shown for the mean daily maximum 8-h concentrations in Figure 3-1.

Although mean O, concentrations in Houston, TX were below the nationwide median, its
95th percentile value ranks in the highest 5% nationwide. Conversely, mean O, concentrations
in southwestern states are among the highest in the United States, but values at the upper end of
the distribution (e.g., the 95th percentile value) in these states are not among the highest peak
values in the United States. In other areas where the highest mean O, concentrations occurred
(e.g., California; Dallas-Fort Worth, TX; and the Northeast Corridor), the highest peak values

were also observed.
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Seasonal (May-September) 95th Percentile of Daily Maximum 8-Hour Values, 2002-2004
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Figure 3-2. Countywide 95th percentile value of daily maximum 8-h O, concentrations,
May to September 2000 to 2004.

Source: Fitz-Simons et al. (2005).

Although countywide averages are shown, it should be noted that considerable spatial
variability can exist within a county, especially within urban areas as described in Section 3.3.
In addition, there can also be differences in the diurnal profile of O, among monitors within
counties.

Box plots showing the distribution of nationwide O, concentrations for different averaging
periods (1-h daily maximum, 8-h daily maximum, and 24-h daily average) are given in Figures
AX3-4 to AX3-6 and numerical values are given in Table AX3-2. The differences between the
50th and 95th percentile values indicate the range of O, levels between “typical” O, days and
“high” O, days. These differences are approximately 40, 30, and 25 ppb for the daily 1-h and
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8-h daily maxima and 24-h average O, concentrations, respectively. As might be expected, the
daily maximum 1-h and 8-h O, concentrations are highly correlated.

Lehman et al. (2004) divided the eastern United States into five regions, each of which
exhibit relatively distinct spatial and temporal patterns of O, concentrations at nonurban sites.
Only sites classified as being rural or suburban and with land usage of forest, agriculture, or
residential were included in the analyses. These criteria were chosen to avoid sites where O is
scavenged by NO, which can be found in high concentrations near major sources such as traffic
in urban cores. The five regions, shown in Figure 3-3, are characterized by different patterns
of O, properties such as temporal persistence and seasonal variability. Figure 3-3 shows
nonurban, monthly average, daily maximum 8-h O, concentrations in the five regions in the
eastern United States from April to October 1993 to 2002.

Regional differences are immediately apparent. Highest concentrations among all the
regions are generally found in the Mid-Atlantic region (mean of 52 ppb), with highest values
throughout the O, concentration distribution except for the overall maximum. Lowest mean
concentrations (42 ppb) are found in Florida. In the northern regions (the Northeast, Great
Lakes) and the Mid-Atlantic region, highest median and peak concentrations are found in July,
whereas in the Southwest region, highest median concentrations are found in August, with
highest peaks in June and September, i.e., outside the warmest summer months. In Florida,
highest monthly averaged median and peak concentrations are found during the spring. High O,
concentrations tend to be most persistent (3 to 4 days of persistence) in the southern regions, less
persistent in the Mid-Atlantic region (2 to 3 days) and least persistent in the northern regions
(1 or 2 days). Such analyses could not be made for the western United States, in part because of
the difficulty in finding regions with relatively coherent O, properties as noted above for the
eastern United States.

Box plots showing the distributions of hourly average O, concentrations for different types
of rural sites for 2004 are given in Figures 3-4a (rural-agricultural), 3-4b (rural-forest), and 3-4¢c
(rural-residential or commercial). Some associated metrics for vegetation exposures are given in
Figures AX3-8 to AX3-10. Note that high O, concentrations are found at sites that are classified
as rural, such as Anne Arundel Co., MD; Yosemite NP, CA; and Crestline, CA. Land use
designations do not usually give an accurate picture of exposure regimes in rural areas, because

the land use characterization of “rural” does not imply that a specific location is isolated from
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Figure 3-3. Box plots showing daily maximum 8-h O; averaged by month over 1993 to

2002 in the five regions in the eastern United States derived by Lehman
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extreme values.

Source: Lehman et al. (2004).
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Figure 3-4a-c. Hourly average O, concentrations observed at selected (a) rurall’
agricultural (b) rural-forested, and (c¢) rural-residential or commercial
sites for 2004. The whiskers on the box plot represent the 10th and
90th percentile concentrations. The “X”s above and below the whiskers
are the values that fall below and above the 10th and 90th percentile
concentrations. The dots inside the box represent the mean, for the
statistic, at all sites. The number of observations is shown above each
box plot.

Source: Fitz-Simons et al. (2005).
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anthropogenic influences. Rather, the characterization refers only to the current use of the land,
not to the presence of sources. Since O, produced from emissions in urban areas is transported
to more rural downwind locations, elevated O, concentrations can occur at considerable
distances from urban centers. In addition, major sources of O, precursors such as power plants
and highways are located in nonurban areas and also produce O; in these areas. Due to lower
chemical scavenging in nonurban areas, O, tends to persist longer in nonurban than in urban
areas which tends to lead to higher exposures in nonurban areas influenced by anthropogenic

precursor emissions.

Ozone Air Quality Data at Relatively Remote Monitoring Sites (RRMS)

Relatively Remote Monitoring Sites (RRMS) are sites located in national parks that tend to
be less affected by obvious pollution sources than other sites. However, this does not mean that
they are completely unaffected by local pollution, because of the large number of visitors to the
national parks.

Box plots showing the distribution of annual hourly averaged O, concentrations at four
RRMS are given in Figures 3-5a-d. It is important to characterize hourly average O,
concentrations at RRMS so that assessments of the possible effects of O; on human health and
vegetation use concentration ranges that span the range of O, concentrations found in the U.S.
In many controlled exposure studies examining vegetation, O is filtered out of ambient air
before it is admitted into the exposure chambers. As a result, O, levels of only a few ppb are
used as controls.

As can be seen from Figures 3-5a-d, annual mean values of the daily maximum 8-h O,
concentration have not changed much over the past 10 years of available data. Mean values
typically range from about 0.020 ppm to about 0.040 ppm. Concentrations only rarely exceed
0.080 ppm, in contrast to observations at other “rural” sites shown in Figures 3-4a-c.

It is unlikely that distributions found at sites with low maximum hourly average
concentrations in the western United States could represent those at sites in the eastern and
midwestern United States because of regional differences in sources of precursors and transport
patterns. Given the high density of sources in the eastern and midwestern United States, it is
unclear whether a site could be found in either of these regions that would not be influenced by

the transport of O, from nearby urban areas. Thus, with the exception of the Voyageurs NP site

3-9



0.16 4

0.14

0.12 {

Ozone Concentration (ppm)

0.04 {

0.02 4

0.00 {

0.16 {

0.14

0.12 {

o0

Ozone Concentration (ppm)

0.04 {

B

0.02 {

b8

0.00 {

0.10 {

0.08 4

0.06 1

a. Theodore Roosevelt National Park

b. Yellowstone National Park

3525 3162 3629 1808 3649 3651 3652 3672 3199 3667

Ozone Concentration (ppm)

0.16 1

0.14

0.12

0.104

0.08 1

0.06

0.044

0.02 {

0.001

3276 3263 3408 3444 3385 3333 3478 3311 3343 3402

l I I I I
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

c. Glacier National Park

| [ [ | | [ [ | [ [
1985 1996 1997 1998 1999 2000 2001 2002 2003 2004

d. Olympic National Park

0.101

0.08 1

0.06 {

3365 3317 3169 3277 3232 3230 3320 3311 3157 3333

Ozone Concentration (ppm)

0.16 1

0.141

0.12

0.101

0.081

0.06

0.044

=

0.02

8

0.00 {

3321 3438 3095 3416 3347 3351 3304 3361 3361 3276

I I I I I I I I I
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

I [ I I I I I I [ I
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
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Source: Fitz-Simons et al. (2005).
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in Minnesota, observations at RRMS are limited to those obtained in the western United States.
However, not all national park sites in the West can be considered to be free of strong regional
pollution influences, e.g., Yosemite NP (CA) as shown in Figure 3-4b. Maps showing the
nationwide distribution of various metrics for vegetation exposures are given in Section AX3.2,

Figures AX3-13 to AX3-27.

3.3 SPATIAL VARIABILITY OF OZONE IN URBAN AREAS

The spatial variability in O, concentrations in 24 MSAs across the United States was
examined. These MSAs were selected to provide (1) information helpful for risk assessments,
(2) a general overview of the spatial variability of O, in different regions of the country, and
(3) insight into the spatial distribution of O, in cities where health outcome studies have been
conducted. Statistical analyses of the human health effects of airborne pollutants based on
aggregate population time-series data have often relied on ambient concentrations of pollutants
measured at one or more central sites in a given metropolitan area. In the particular case of
ground-level O, pollution, central-site monitoring has been justified as a regional measure of
exposure mainly on the grounds that correlations between concentrations at neighboring sites
measured over time are usually high. In MSAs with multiple monitoring sites, averages over the
monitors have often been used to characterize population exposures. However, substantial
differences in concentrations between monitors can exist even though concentrations measured
at the monitoring sites are highly correlated, thus leading to the potential for exposure
misclassification error.

Metrics for characterizing spatial variability include the use of Pearson correlation
coefficients (r), values of the 90th percentile (P,,) of the absolute difference in O, concentrations,
and coefficients of divergence (COD)'. These methods of analysis follow those used for

characterizing PM, s and PM,,, s concentrations in Pinto et al. (2004) and in the latest edition of

"The COD is defined as follows:

2

L& (=

— i I
copy= | Ly [2
P\ Xt ik

where x;; and x; represent the 24-h average PM, 5 concentration for day i at site j and site k and p is the number of
observations.
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the Particulate Matter Air Quality Criteria Document (PM AQCD) (U.S. Environmental Agency,
2004a). However, the calculations were performed on an hourly basis rather than on a 24-h
basis. Data were aggregated over local O, seasons, the lengths of which vary from state to state.
In several southwestern states, it lasts all year long. However, it typically last for 6 months

in other areas, such as in New England, the mid-Atlantic states, the Midwest, and the Northwest
(see Table AX3-1).

Table 3-1 shows the chosen urban areas, the range of 24-h average O, concentrations over
the local O, season from 1999 to 2001, the range of intersite correlation coefficients, the range of
P,, differences in O; concentrations between site pairs, and the range in COD values. A COD of
zero implies that values in both data sets are identical, and a COD of one indicates that the two
data sets are uncorrelated, with no matching values from either data set. In general, statistics
were calculated for partial MSAs. This was done so as to obtain reasonable lower estimates of
the spatial variability that is present, as opposed to examining the consolidated MSAs. However,
this could not be readily done for Boston, MA and New York, NY, so statistics were calculated
for those consolidated MSAs. More detailed calculations for a subset of nine MSAs are given in
Figures AX3-28 through AX3-36 in Section AX3.3.

As can be seen from Table 3-1, no clearly discernible regional differences were found
in the ranges of parameters analyzed. Additional urban areas would need to be examined to
discern broadscale patterns. The data indicate considerable variability in the concentration
fields. Mean O, concentrations vary within individual urban areas by factors of 1.4 to 4 in
Table 3-1. Intersite correlation coefficients show mixed patterns (i.e., in some urban areas all
pairs of sites are moderately to highly correlated, while other areas show a larger range of
correlations). As may be expected, those areas showing a smaller range of seasonal mean
concentrations also show a smaller range of intersite correlation coefficients. However, there are
a number of cases where sites in an urban area may be moderately to highly correlated, but show
substantial differences in absolute concentrations. In many cases, Py, values can equal or exceed
seasonal mean O, concentrations.

It is instructive to compare the metrics for spatial variability shown in Table 3-1 to those
calculated for PM, 5 and PM,, ;s in the PM AQCD (U.S. Environmental Agency, 2004a). The
values for concentrations and concentration differences are unique to the individual species, but

the intersite correlation coefficients and the COD values can be directly compared. In general,
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Table 3-1.

Summary Statistics for the Spatial Variability of O; (in ppm) in Selected Urban Areas in the United States

Number of Minimum Maximum Minimum Maximum Minimaum Maximum Minimlf)m Maximum
Urban Area Sites Mean Conc.  Mean Conce.  Corr. Coeff.  Corr. Coeff. Py, Py, COD COD
Boston, MA 18 0.021 0.033 0.46 0.93 0.012 0.041 0.17 0.45
New York, NY 29 0.015 0.041 0.45 0.96 0.0080 0.044 0.17 0.55
Philadelphia, PA 12 0.020 0.041 0.79 0.95 0.011 0.036 0.23 0.46
Washington, DC 20 0.022 0.041 0.72 0.97 0.010 0.032 0.17 0.45
Charlotte, NC 8 0.031 0.043 0.48 0.95 0.012 0.038 0.17 0.32
Atlanta, GA 12 0.023 0.047 0.63 0.94 0.013 0.045 0.24 0.55
Tampa, FL 9 0.024 0.035 0.74 0.94 0.011 0.025 0.20 0.35
Detroit, MI 7 0.022 0.037 0.74 0.96 0.0090 0.027 0.19 0.36
Chicago, IL 24 0.015 0.039 0.38 0.96 0.0080 0.043 0.16 0.50
Milwaukee, WI 9 0.027 0.038 0.73 0.96 0.0090 0.025 0.18 0.33
St. Louis, MO 17 0.022 0.038 0.78 0.96 0.0090 0.031 0.15 0.41
Baton Rouge, LA 7 0.018 0.031 0.81 0.95 0.0090 0.029 0.23 0.41
Dallas, TX 10 0.028 0.043 0.67 0.95 0.011 0.033 0.16 0.36
Houston, TX 13 0.016 0.036 0.73 0.96 0.0090 0.027 0.20 0.38
Denver, CO 8 0.022 0.044 0.60 0.92 0.013 0.044 0.16 0.46
El Paso, TX 4 0.022 0.032 0.81 0.94 0.012 0.023 0.24 0.31
Salt Lake City, UT 8 0.029 0.048 0.52 0.92 0.012 0.043 0.13 0.51
Phoenix, AZ 15 0.021 0.058 0.29 0.95 0.011 0.057 0.15 0.61
Seattle, WA 5 0.015 0.038 0.63 0.94 0.0080 0.024 0.16 0.46
Portland, OR 5 0.015 0.036 0.73 0.91 0.011 0.025 0.20 0.50
Fresno, CA 6 0.030 0.047 0.90 0.97 0.0090 0.027 0.17 0.40
Bakersfield, CA 8 0.028 0.047 0.23 0.96 0.013 0.052 0.20 0.58
Los Angeles, CA 14 0.010 0.042 0.42 0.95 0.010 0.053 0.22 0.59
Riverside, CA 18 0.018 0.054 0.38 0.95 0.013 0.057 0.15 0.64

a
Py, = 90th percentile absolute difference in concentrations.
COD = coefficient of divergence for different site pairs.



the variability in O, concentrations is larger than for PM, 5 concentrations and comparable to that
obtained for PM,,, ;. Intersite correlation coefficients in some areas (e.g., Philadelphia, PA;
Atlanta, GA; Portland, OR) can be very similar for both PM, ; and for O,. However, there is
much greater variability in the concentration fields of O, as evidenced by the much higher COD
values. Indeed, COD values are higher for O, than for PM,  in each of the urban areas
examined. In all of the urban areas examined for O,, some site pairs are always very highly
correlated with each other (i.e., r >0.9) as seen for PM, ;. These sites also show less variability
in concentration and are probably influenced most strongly by regional production mechanisms.
The above considerations indicate that caution should be observed in using data from the
network of ambient O; monitors to approximate community-scale human exposures. A similar
conclusion was reached for PM using data from the PM, ; FRM network, as indicated in

Section 3.4 of the PM AQCD (U.S. Environmental Protection Agency, 2004a).

3.3.1 Small-Scale Horizontal and Spatial Variability in
Ozone Concentrations

Ozone concentrations near roadways

Apart from the larger scale variability in surface O, concentrations, there is also significant
variability on the micro-scale (< a few hundred meters), especially near roadways and other
sources of emissions that react with O,. These sources are not confined to urban areas. Sources
of emissions that react with O, such as highways and power plants are also found in rural areas.
Johnson (1995) described the results of studies examining O, upwind and downwind of
roadways in Cincinnati, OH. In these studies, O, upwind of the roadway was about 50 ppb and
values as high as this were not found again until distances of about 100 m downwind. The O,
profile varied inversely with that of NO, as might be expected. For peak NO concentrations of
30 ppb immediately downwind of the road, the O; mixing ratio was about 36 ppb, or about 70%
of the upwind value. The magnitude of the downwind depletion of O, depends on the emissions
of NO, the rate of mixing of NO from the roadway and ambient temperatures. So depletions
of O, downwind of roadways are expected, but with variable magnitude. In interpreting
historical data, it should be noted that scavenging of O, by NO near roadways was more

pronounced before the implementation of stringent NO, emissions controls.

3-14



Guidance for the placement of O; monitors (U.S. Environmental Protection Agency, 1998)
states a separation distance that depends on traffic counts. For example, a minimum separation
distance of 100 m from a road with 70,000 vehicles per day (about 3,000 vehicles per hour) is
recommended for siting an O, monitor to avoid interference that would mean a site is no longer
representative of the surrounding area. An average rate of about 3,000 vehicles per hour passing
by a monitoring site implies a road with rather heavy traffic. As noted in Section AX3.3.1 for
the Lakewood, CA monitoring, O, levels are lower at sites located near traffic than those located
some distance away, and the scavenging of O, by emissions of NO from roadways is a major

source of spatial variability in O, concentrations.

Vertical Variations in Ozone Concentrations

In addition to horizontal variability in O, concentrations, consideration must also be given
to variations in the vertical profile of O, in the lowest layers of the atmosphere. The planetary
boundary layer (PBL) consists of an outer and an inner portion. The inner part extends from the
surface to about one-tenth the height of the PBL. Winds and transported pollutants, such as O,
are especially susceptible to interactions with obstacles, such as buildings and trees in the inner
boundary layer (atmospheric surface layer) (e.g., Garratt, 1992). Inlets to ambient monitors
(typically at heights of 3 to 5 meters) are located in, and human and vegetation exposures occur
in this part of the boundary layer.

Photochemical production and destruction of O, occur throughout the PBL. However, O,
is also destroyed on the surfaces of buildings, vegetation, etc. In addition, O, is scavenged by
NO emitted by motor vehicles and soils. These losses imply that the vertical gradient of O,
should always be directed downward. The magnitude of the gradient is determined by the
intensity of turbulent mixing in the surface layer.

Most work characterizing the vertical profile of O, near the surface has been performed in
nonurban areas with the aim of calculating fluxes of O, and other pollutants through forest
canopies and to crops and short vegetation, etc. Corresponding data are sparse for urban areas.
However, monitoring sites are often set up in open areas such as parks and playgrounds where
surface characteristics may resemble those in rural areas more than those in the surrounding
urban area. The vertical profiles of O; measured over low vegetation is shown in Figure 3-6.

These measurements were obtained as part of a field campaign to measure the fluxes of several
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Figure 3-6. Vertical profile of O, obtained over low vegetation. Values shown are relative
to concentrations at 4 m above the surface. Ozone concentrations for stable
and unstable conditions were 41.3 and 24.1 ppb, and average O, concentration
weighted by stability class was 33.1 ppb at 4 m.

Source. Horvath et al. (1995).

gas and aerosol phase pollutants using the gradient-flux technique (Horvath et al., 1995). The
labels stable and unstable in the figure refer to atmospheric stability conditions and average
represents the overall average. Ozone concentrations were normalized relative to their values at
a height of 4 m. As can be seen from the figure, there was a decrease of about 20% in going
from a height of 4 m down to 0.5 m above the surface during stable conditions, but O, decreased
by only about 7% during unstable conditions. The average decrease was about 10% for all
measurements. As might be expected, O, concentrations at all heights were very highly
correlated with one another. Of course, these values represent averages and there is scatter about
them. Under strongly stable conditions, they fall off toward the surface. However, these
conditions tend to occur mainly during night and the stability regime during the day in urban
areas tends more toward instability because of the urban heat island effect. Figure 3-7 shows the

vertical profile of O, measured in a spruce forest (Horvath et al., 2003). The fall off in O, for
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Figure 3-7. Vertical profile of O, obtained in a spruce forest. Values shown are relative to
concentrations at 19 m above the surface. Mean tree height is 14.5 m. Ozone
concentrations for stable and unstable conditions were 36.7 and 33.8 ppb, and
the average O, concentration weighted by stability class was 34.6 ppb at 19 m.

Source: Horvath et al. (2003).

this case is due to uptake by trees, reaction with ambient NO and with NO emitted by the soil
in the forest, and reaction with hydrocarbons emitted by the trees in addition to deposition on

the surface.

3.4 DIURNAL AND SEASONAL VARIABILITY OF OZONE
Diurnal Variability

Diurnal variations in O, at a given location are controlled by a number of factors, such as
the relative importance of transport versus local photochemical production and loss rates, the
timing for entrainment of air from the nocturnal residual boundary layer and the diurnal

variability in mixing layer height.
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Diurnal Patterns in the Nationwide Data Set

Composite urban, diurnal variations in hourly averaged O, for April through October 2000
to 2004 are shown in Figure 3-8. As can be seen from Figure 3-8, daily 1-h maxima tend to
occur in mid-afternoon and daily 1-h minima tend to occur during the early morning. However,
there is also considerable spread in these times. Therefore, some caution must be exercised in
extrapolating results from one city to another and when attempting to judge the time of day when

the daily 1-h maximum occurs.

Urban Sites
0.200 ~

0.150 o

0.100 -

Ozone Concentration (ppm)

ot 1T s

22 23 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 00 01
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Figure 3-8. Composite, nationwide diurnal variability in hourly averaged O, in
urban areas. Values shown are averages from April to October 2000 to
2004. Boxes define the interquartile range and the whiskers, the minima
and maxima.

Source: Fitz-Simons et al. (2005).

Corresponding data for 8-h average O, variations are shown in Figure 3-9. As can be seen
from Figure 3-9, daily maximum eight hour O, concentrations tend to occur from about 10 a.m.

to about 6 p.m. As can be seen from Figure 3-9, they can also occur at slightly different times
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Figure 3-9. Composite, nationwide diurnal variability in 8-h average O, in urban areas.
Values shown are averages from April to October 2000 to 2004. Boxes define
the interquartile range and the whiskers, the minima and maxima. The hour
refers to the start of the 8-h averaging period.

Source: Fitz-Simons et al. (2005).

and the variation in the 8-h averages is smoother than for the 1-h averages. The minima in the

8-h averages tend to occur starting at about midnight.

Diurnal Patterns in EPA’s 12 Cities

The diurnal variability of hourly averaged O, in the twelve urban areas considered for
inclusion in EPA’s human health exposure assessment risk assessment for the current review is
illustrated in Figures 3-10a-1 for April to October. Daily maximum 1-h concentrations tend to
occur in mid-afternoon. However, as can be seen from the figures, the diurnal patterns vary
from city to city, with high values (>0.100 ppm) also occurring either late in the evening as in
Boston, past midnight as in Los Angeles and Sacramento, or midmorning as in Houston.
Typically, high values such as these are found during the daylight hours in mid to late afternoon.

The reasons for the behavior of O, during the night at the above-mentioned locations are not
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Figure 3-10a-f. Diurnal variability in hourly averaged O; in selected urban areas. Values
shown are averages from April to October 2000 to 2004. Boxes define the
interquartile range and the whiskers, the minima and maxima.

Source: Fitz-Simons et al. (2005).
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Figure 3-10g-1. Diurnal variability in hourly averaged O; in selected urban areas. Values
shown are averages from April to October 2000 to 2004. Boxes define the
interquartile range and the whiskers, the minima and maxima.

Source: Fitz-Simons et al. (2005).
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clear. Measurement issues may be involved, or there may be physical causes such as transport
phenomena, as discussed in Chapter 2. As discussed in Chapter 2, and in greater detail in
Section AX2.3.3, nocturnal low level jets are capable of producing secondary O, maxima

at night.

The diurnal variability of O, averaged over 8 hours in the same twelve urban areas is
shown in Figures 3-11a-1. The diurnal patterns of 1-h O, averages are broadly similar to 8-h
averages. Typically, although the 8-h daily maximum occurs between 10 a.m. and 6 p.m., actual
starting and ending times can differ from these characteristic times depending on location.

For example, as shown in Figures 3-11a for Boston and 3-11k for Sacramento, the highest 8-h
daily maximum values can start in mid-afternoon and extend into late evening. These results
suggest that transport processes are playing the dominant role in determining the timing of the
highest daily maxima in these areas.

On days with high 1-h daily maximum concentrations (e.g., >0.12 ppm), the maxima
tend to occur in a smaller time window centered in the middle of the afternoon, compared to
days on which the maximum is lower. For example, on high O, days the 1-h maximum occurs
from about 11 a.m. to about 6 p.m. However, on days for which the 1-h daily maximum
is <0.080 ppm, the daily maximum can occur at any time during the day or night, with only a
50% probability that it occurs between 1 and 3 p.m., in each of the 12 cities. (The time of day
when the daily maximum 1-h O, concentration occurs is illustrated for four of the cities in
Figures AX3-45a-d.). Photochemical reactions in combination with diurnal emissions patterns
are expected to produce mid-afternoon peaks in urban areas. These results suggest that transport
from outside the urban airshed plays a major role in determining the timing of the daily maxima
for low peak O, levels. This pattern is typical for the Los Angeles-Long Beach-Riverside, CA
area even on high O, days.

The same general timing patterns are found for 1-h daily maximum O, concentrations as
for the daily maximum 8-h average O, concentration. As mentioned above, the daily maximum
8-h O, concentrations are generally found between the hours of 10 a.m. and 6 p.m. However,
there are a significant number of days when this is not the case, e.g., for high values in Houston,
TX and Los Angeles, CA, or in general for low values at any of the cities examined. (The time
of day when the daily maximum 8-h average O, concentrations occurs is shown for four cities in

Figures AX3-46a-d.). Although the 8-h average O, concentration is highly correlated with the
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Figure 3-11a-f. Diurnal variability in 8-h O; in selected urban areas. Values shown
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